Genetic characterization of Rhodococcus rhodochrous ATCC BAA-870 with emphasis on nitrile hydrolysing enzymes by Frederick, Joni
The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 
Published by the University of Cape Town (UCT) in terms 

























Genetic characterization of Rhodococcus 
rhodochrous ATCC BAA-870 with emphasis 
on nitrile hydrolysing enzymes 
Joni Frederick 
A thesis submitted in fulfilment of the requirements for the degree of Doctor of
Philosophy in the Department of Molecular and Cell Biology,
University of Cape Town
Supervisor: Professor B. T. Sewell 






































Rhodococcus rhodochrous ATCC BAA-870 (BAA-870) had previously been isolated on
selective media for enrichment of nitrile hydrolysing bacteria. The organism was 
found to have a wide substrate range, with activity against aliphatics, aromatics, and
aryl aliphatics, and enantioselectivity towards beta substituted nitriles and beta
amino nitriles, compounds that have potential applications in the pharmaceutical
industry. This makes R. rhodochrous ATCC BAA-870 potentially a versatile biocatalyst
for the synthesis of a broad range of compounds with amide and carboxylic acid
groups that can be derived from structurally related nitrile precursors. The selectivity
of biocatalysts allows for high product yields and better atom economy than non-
selective chemical methods of performing this reaction, such as acid or base
hydrolysis.
In order to apply BAA-870 as a nitrile biocatalyst and to mine the organism for
biotechnological uses, the genome was sequenced using Solexa technology and an
Illumina Genome Analyzer. The Solexa sequencing output data was analysed using
the Solexa Data Analysis Pipeline and a total of 5,643,967 reads, 36-bp in length,
were obtained providing 4,273,289 unique sequences. The genome sequence data
was assembled using the software Edena, Velvet, and Staden. The best assembly
data set was then annotated automatically using dCAS and BASys. Further mate-
paired sequencing, contracted to the company BaseClear® BV in Leiden, the
Netherlands, was performed in order to improve the completeness of the data. The
scaffolded Illumina and mate-paired sequences were further assembled and
annotated using BASys. BAA-870 has a GC content of 65% and contains 6997
predicted protein-coding sequences (CDS). Of this, 54% encodes previously identified
proteins of unknown function. The completed 5.83 Mb genome (with a sequencing
coverage of 135 X) was submitted to the NCBI Genome data bank with accession
number PRJNA78009. The genome sequence of R. rhodochrous ATCC BAA-870 is the
seventh rhodococcal genome to be submitted to the NCBI and the first R.















metabolising enzymes revealed that BAA-870 contains both a single nitrilase and a 
low molecular weight nitrile hydratase. An amidase is associated with the nitrile 
hydratase, although many other amidases are also present on the genome. 
Additionally, the genes for numerous other enzymes from commercially used 
enzyme classes are identified, including proteases, reductases, transaminase, 
epoxide hydrolase, monooxygenase, cytochrome P450 and haloperoxidase. 
The nitrilase gene was isolated by PCR and directionally ligated into the expression 
vector pET28a(+). The nitrilase sequence was checked against a nucleotide database
using BLAST, and a 98% and 97% identity at the nucleotide level to the nitrilase gene
from R. rhodochrous tg1-A6 and R. rhodochrous J1 (J1) respectively was found. This
was confirmed independently by purification of the enzyme from the wild type
culture and sequence determination using mass spectrometry. Observing the
purified wild-type nitrilase by electron microscopy showed that, like the nitrilase
from R. rhodochrous J1, it formed fibre assemblies.
The recombinantly expressed nitrilase in E. coli was extracted by cell disruption, and
purified by Protino-Ni resin and Sephacryl S200 size exclusion chromatography.
Activity was followed using benzonitrile as a substrate, by both colorimetric
ammonia assay and by HPLC analysis. BAA-870 nitrilase forms helices with molecular
masses of over 600 kDa. The diameter of the BAA-870 fibre was measured from 
scaled electron micrographs, and found to be 120 Å. Before fibre-formation, the ‘c’-
shaped nitrilase structures were observed using electron microscopy. Single particles
were selected using sxboxer in the SPARX suite of programs, and the set of images
manually filtered, and translationally and rotationally aligned. Alignment was done
iteratively over many cycles and classes classified into k means. The reconstructed ‘c’
was compared to the structure of the J1 nitrilase. The reconstructed J1 fibre’s 3D
information was used to generate models of J1 nitrilase oligomers containing only 8 
and 10-monomers. The BAA-870 nitrilase ‘c’ structure was structurally aligned with
the 8-monomer volume of J1, suggesting that the BAA-870 nitrilase pre-fibre form
likely consists of 8 monomers. The BAA-870 nitrilase pre-fibre form was found to be















subunits (~5 dimers) forming the 1-start, left-handed, c-shaped oligomer, suggesting 
that the c-shaped nitrilase could form either an octamer or a decamer. 
The low-molecular mass nitrile hydratase (L-NHase) gene from R. rhodochrous ATCC 
BAA-870 was amplified from the genome of the organism using PCR. The amplified L-
NHase gene cassette contained the beta subunit, alpha subunit and chaperone as 
confirmed by DNA sequencing. The PCR product was directionally ligated into the 
expression vector pET28a(+) and confirmed by sequencing. Expression studies of the 
L-NHase showed that the beta subunit and the L-NHase chaperone were
overexpressed, but not the alpha subunit. The L-NHase-containing clone was
additionally mutated at the ribosome binding site (RBS) for the alpha subunit, as it
was found to be a particularly rare site. Further expression of L-NHase in E. coli could
be achieved, but at low protein yields. The L-NHase was then successfully cloned
using a two construct vector system, for coexpression in E. coli. The alpha subunit
and chaperone, and beta subunit with a C-terminus His-tag, were expressed
independently in the same culture medium using IPTG and cobalt chloride. The
recombinantly expressed nitrile hydratase was extracted by cell disruption and
purified by Protino-Ni affinity and ion exchange chromatography. Activity of NHase 
was followed by continuous spectrophotometric assay, and by HPLC, using 
benzonitrile as substrate. The nucleotide sequence of L-NHase from BAA-870 was 
97% identical to that from R. rhodochrous J1, the differences occurring only in the
beta subunit. NHase from BAA-870 was modelled by secondary structural prediction
and a structural alignment performed using NHase from B. pallidus Rapc8.
The enzymes responsible for nitrile degradation in R. rhodochrous ATCC BAA-870 are 
now independently accessible in order to provide complete characterization without 
interference from potentially competing enzymes. Structural insights have been 
obtained using modelling and EM reconstruction (for nitrilase). These enzymes may 
now be more easily genetically modified to provide improved stability or change 
substrate preference. The knowledge of the overall genome may also provide 
insights into how to modify the cell metabolism to prevent further catabolism of 
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Hard ferromagnetic silver-white bivalent or trivalent metallic element. Trace element 
in plant and animal nutrition.1 
 
German: Kobalt, Kobolt; a goblin, evil spirit, malicious sprite, malevolent earth spirit.2 
 
                                                     
1
 American Heritage® Science Dictionary 
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Chapter One: Introduction 
1.1. Introduction 
 
1.1.1. The rationale for nitrile conversion (amides and acids, and their 
uses) 
 
Nitrile compounds (R-CN) contain the cyanide group (-CN), and therefore used to be 
referred to generally as organic cyanides. They are widespread in nature where they are 
mainly present as cyanoglycosides, cyanolipids, ricinine and phenylacetonitrile produced by 
plants (Conn 1981). Synthetically, nitriles can be made by one of several routes, including the 
dehydration of amides, or addition of hydrogen cyanide to carbonyl groups (aldehydes and 
ketones). Nitriles are important and versatile intermediates in organic synthesis, and are 
used extensively in industry for the production of polymers and chemicals. For example, 
nylon-6,6 polymers and polyacrylonitrile (a plastics and acrylic fibre precursor) are produced 
from adiponitrile and acrylonitrile, respectively. Nitriles are also used as solvents, 
extractants, pharmaceuticals, feedstock, drug intermediates (chiral synthons), and 
pesticides, as well as in the organic synthesis of amines, amides, amidines, esters, carboxylic 
acids, aldehydes, ketones and heterocyclic compounds. 
 
In the current study of particular interest is the fact that nitriles are important sources (as 
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Figure 1.1: Schematic addition of cyanide to a molecule providing an additional carbon and 
nitrogen for subsequent conversion to other functional groups.  
Nitriles can be hydrolysed to carboxylic acids, hydrolysed to amides, reduced to primary amines or selectively 
converted by regio-specific catalysts. 
 
Traditionally, acid or alkaline hydrolysis of nitriles is used to form the corresponding acid or 
amide (Figure 1.2). 
 
Figure 1.2: Alkaline and acid hydrolysis of nitriles. 
 
However, stopping these reactions at the amide is not necessarily simple and the extreme 
conditions are not compatible with retention of acid or base labile functional groups (such as 
esters). Moreover, enantioselective hydrolysis is generally not possible. Although chemical 
hydration under neutral conditions is possible, it involves expensive reagents such as 
platinum, palladium or cobalt complexes and high reaction temperatures (Rey et al. 2004). 
 
An alternative is to use biocatalysis. Biocatalysts can function at mild reaction conditions, 
physiological pH and temperature. They also demonstrate chemo-, regio- and stereo-
selectivity, with their specificity circumventing the loss of labile groups that can occur with 
acid or base nitrile hydrolysis reactions. 
Biologically we have the advantage of having two distinct enzyme systems, one of which 
converts nitriles directly to the carboxylic acid, the other providing the intermediate amide 
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(Figure 1.3). Among aerobic soil bacteria, Rhodococcus, Bacillus and Pseudomonas species 

















Figure 1.3: Nitrile hydrolysis catalysed by direct nitrilase conversion to the corresponding 
acid, or via a nitrile hydratase / amidase two-enzyme reaction. 
 
Chemical transformations of nitriles require relatively severe conditions (elevated 
temperatures and pressures) and often generate toxic by-products (Crosby et al. 1994; 
Nagasawa and Yamada 1990; Wieser and Nagasawa 2000). Nitrilase and nitrile hydratase 
enzymes are, however, able to convert a wide range of nitriles, under milder conditions. For 
example, applications of nitrile-hydrolysing enzymes include the production of amides and 
acids such as acrylamide, nicotinic acid and lactic acid from their corresponding nitriles 
(Wyatt and Linton 1988) and the conversion of –aminonitriles to optically active amino 
acids (Bhalla et al. 1992). Production of acrylamide from acrylonitrile is an ongoing, 
commercially successful, biotransformation using nitrile hydratase (Kobayashi et al. 1992a), 
as is the production of nicotinic acid from 3-cyanopyridine using nitrilase (Kobayashi and 
Shimizu 1994). Enantioselective hydrolysis of -hydroxynitriles (cyanohydrins) (Faber 1995) 
and the production of optically active 2-arylpropionic acids, ibuprofen (Yamamoto et al. 
1990) and naproxen (Effenberger and Böhme 1994; Layh et al. 1994), have also been 
achieved using nitrile-converting biocatalysts. Biosynthesis of the plant hormone indole-3-
acetic acid from indole-3-acetonitrile is another useful nitrile-converting activity that has 
found a footing in industry (Kobayashi et al. 1993a). 
 
In particular Rhodococci have been generally found to be excellent nitrile biocatalysts. 
Rhodococcus sp. are used in the manufacture of acrylamide (Kobayashi et al. 1992a), 
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Rhodococcus erythropolis NCIMB 11540 whole cells were used to transform cyclic -amino 
nitriles to cyclic -amino amides/acids (Preiml et al. 2004), which have important 
pharmacological functions due to their antibiotic (Czernecki et al. 1997; Davies et al. 1999; 
Garner and Ramakanth 1986), antifungal (Davies et al. 1994; Theil and Ballschuh 1996) and 
cytotoxic (Sone et al. 1993) properties. Rhodococcus equi A4, now classified as Rhodococcus 
erythropolis (Vejvoda et al. 2007), is an efficient biocatalyst for chemoselective and 
diastereoselective transformations (Martínková and Kren 2002). 
 
The remediation of highly toxic nitrile-containing wastes and the metabolism of nitrile-
containing herbicides have proven useful in environmental management (Shaw et al. 2003). 
Synthetic fibre production results in large amounts of propionitrile as waste, which was 
successfully converted by cells of Rhodococcus erythropolis to ammonium propionate, which 
is useful as a feed supplement (Christian et al. 2001). Given the range of chemistries 
afforded by nitrile conversion, and the diverse products derived there from, the exploration 
of nitrile biocatalysis in microbial strains was pursued. 
 
 
1.1.2. Whole cell profiling and identifying nitrile converting candidates 
 
A selection of nitriles from aliphatic to aromatic, and ranging in bulk size and chain length, 
was chosen as a representative nitrile library to test the conversion abilities of various 
isolates from industrial soil samples. The Rhodococcus strains proved to be the most 
competent nitrile-converting strains. Five of the most promising rhodococcal strains from 
the culture collection, which grew well on nitrile substrates, were further tested and rated 
by relative growth on agar substituted with various nitriles as the sole nitrogen source (Table 
1.1) (Brady et al. 2004b). In particular, Rhodococcus 4 (Table 1.1) had a diverse nitrile 
tolerance, and was observed to grow on both aliphatic and aromatic nitriles. 
 
They were then tested for nitrile conversion along with some commercial nitrilases and 
whole cell biocatalysts and measured by HPLC to test more specific nitrile transformations. 
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2004b). When Rhodococcus 4 was cultured using various nitriles as the sole nitrogen source, 
it was found to grow on 13 of the 17 growth substrates. Of these substrates, the organism 
showed good or exceptionally good growth on at least 11 compounds. Its ability to utilise 
benzamide, adipamide and acetoxy-phenylacetamide as sole nitrogen sources suggested it 
contained amidase activity, while nitrilase and/or nitrile hydratase activity was suggested by 
its ability to convert 100% of the benzonitrile, chlorobenzonitrile and naproxen nitrile. 
Rhodococcus 4 also displayed fair activity towards phenylglycinonitrile, isocyanomethane, 3-
hydroxy-3-phenylpropionitrile and benzonitrile. 
 
The conversion of both aliphatic and aromatic nitriles by Rhodococcus 4 (initially designated 
soil sample isolate (I) morphology: small, or “Ismall”) suggested a favourably versatile 
biocatalytic candidate. Also, the conversion of naproxen nitrile was an encouraging lead for 
potential manufacture of pharmaceutically important drugs using green chemistry; a 
product of conversion is the precursor to Naproxen, an aromatic propionic acid derivative in 
the class of aryl acetic acid group of non-steroidal anti-inflammatory drugs, or NSAIDs. An 
obviously worthwhile candidate for further exploration of biotechnology applications, 
Rhodococcus 4 was subsequently submitted to the American Type Culture Collection and 
later designated the title Rhodococcus rhodochrous ATCC BAA-870. The organism was 
subsequently studied further to evaluate its potential synthetic applications, in particular its 
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Biocatalyst                  
Rhodococcus 1 4 4 4 1 3 1 0 1 5 1 1 1 4 2 2 4 5 
Rhodococcus 2 4 4 3 4 2 0 0 0 4 0 1 0 4 2 1 3 5 
Rhodococcus 3 4 4 3 5 0 3 0 2 4 2 0 0 5 3 5 3 5 
Rhodococcus 4 
(ATCC BAA-870) 
5 5 4 3 4 0 0 1 5 1 0 0 5 4 4 5 5 
Rhodococcus 5 0 0 4 0 0 0 0 0 0 0 0 0 0 0 4 4 0 
Growth of the organism on each substrate is designated by 5 – exceptional, 4 – strong, 3 – good, 2 – fair, 1 – poor, and 0 – no growth. Screening of organisms was 
performed on minimal medium agar plates containing 5 mM of each substrate as the sole nitrogen source. Plates were incubated at 30 °C and the growth observed. Table 
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Table 1.2: Percentage substrate conversion of selected biocatalysts 



















































































































































Biocatalyst % Conversion 
Rhodococcus 4 (ATCC BAA-870) 9 14 1 1 2 24 3 100 5 33 100 5 5 6 100 18 
Rhodococcus ABFGs ND 22 0 0 1 2 0 ND 30 0 ND 16 3 ND ND ND 
Rhodococcus MAWA (C6) ND 100 46 11 6 76 3 ND 2 32 ND 100 44 ND ND ND 
Rhodococcus NOVO SP361 ND 102 15 4 2 30 11 ND 41 19 ND 32 24 ND ND ND 
Pseudomonas alcaligenes 1 0 ND ND ND ND ND ND 0 ND ND 0 ND ND ND 0 7 
Pseudomonas fluorescens Nitrilase ND 97 21 89 64 0 1 ND 0 14 ND 0 0 ND ND ND 
Microbacterium 1 0 ND ND ND ND ND ND 0 ND ND 0 ND ND ND 40 9 
Alcaligenes faecalis 1 0 ND ND ND ND ND ND 0 ND ND 0 ND ND ND 2 12 
Conversion of each substrate is a percentage conversion. ND – not determined. Reactions were analysed by HPLC using a Phenomenex Luna C18 column (from Separations) 
and a Hewlett Packard Series 1100 Chromatograph with a Photo Diode Array detector (PDA). Gradient elution of compounds was done according to the method developed 
by N. Wilde (2001, personal communication) and modified by G. Kupi (2003, personal communication), using a 1 ml/min flow rate, 5 μl injection volume, and 20 minute 
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1.1.3. Testing enantioselectivity of the organism 
 
1.1.3.1. Naproxen nitrile conversion 
Discovering efficient and practical routes to the synthesis of pharmaceutically active 
compounds is an increasingly important aspect of biocatalysis. Major factors in the 
environmentally-friendly synthetic process of drugs, or the intermediates thereof, are 
reduced waste production and solvent volume with an increase in yield and purity. Cost of 
manufacture is reduced as the number of steps required for the synthetic route is reduced. 
For example, it is difficult to chemically synthesise naproxen in an efficient and 
environmentally friendly manner due to the multiple chemical steps involved and resulting 
poor yield (Steenkamp and Brady 2003). Also, since naproxen is the optically active (S) form 
of 2-(6-Methoxy-naphthyl)-propanoic acid, it must be marketed as a composition free of the 
(R) stereoisomer (Brady et al. 2004a; Steenkamp and Brady 2008). Certain efficient and 
effective chemical routes of synthesis for naproxen have been proposed, but to date have 
not been used on a commercial scale owing to the high costs involved in producing the 
precursor, naproxen nitrile. An efficient, cost-effective, environmentally-friendly process for 
making 2-(6-Methoxy-naphthyl)-propanoic acid is therefore needed.  
 
Rhodococcus butanica (ATCC 21197) which exhibited nitrile hydratase/amidase activity was 
used by Effenberger et al. (1994) to hydrolyse enantioselectively racemic naproxen nitrile 
(R/S)-naproxen to (S)-naproxen in enantiomeric excess (ee) (Effenberger and Böhme 1994). 
However, racemic naproxen amide was not a good substrate for this strain. Another 
rhodococcal species (sp. C311) was used by the same group to hydrolyse enantioselectively 
racemic (R/S)-naproxen nitrile and (R/S)-naproxen amide to produce (S)-naproxen in 99% 
enantiomeric excess with good chemical yields in aqueous medium as well as in a biphasic 
hexane/phosphate buffer system (Effenberger and Böhme 1994). Whole cells of the 
rhodococcal strains MP50 and C311 have been used to convert naproxen nitrile to naproxen 
via the amide (Layh et al. 1994). Strain C311 was also shown by Layh et al. (1994) to convert 
racemic naproxen nitrile to (S)-naproxen amide, and subsequently to (S)-naproxen, while 
racemic naproxen amide was hydrolysed to (S)-naproxen. The MP50 strain predominantly 
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from racemic naproxen amide. Both strains converted the racemic naproxen amide to (S)-
naproxen with an enantiomeric excess of 99% (Layh et al. 1994). 
 
The hydrolysis of naproxen nitrile by R. rhodochrous ATCC-BAA870 (Table 1.2) would 
therefore provide a potential candidate as a tool in green pharmaceutical chemistry but also 
highlighted the possibility that the strain harboured other useful enantioselective 
capabilities (Brady et al.  2004a). 
 
1.1.3.2. Enantioselective hydrolysis of beta-hydroxy nitriles 
-Adrenergic pharmaceutical compounds, or beta-blockers, (Figure 1.4) comprise a group of 
drugs used for the treatment of cardiovascular disorders such as hypertension, cardiac 
arrhythmia, or ischemic heart disease and psychiatric disorders. Each of these drugs 
possesses at least one chiral centre, and an inherent high degree of enantioselectivity in 
binding to the -adrenergic receptor. Due to the difficulty of separation, or the lack of 
serious known side-effects attributed to the other enantiomer, most -adrenergic blocking 
agents are currently marketed as racemates. However, this implies that half of the 













Figure 1.4: General structure of β-adrenergic blocking agents. 
A common chemical structural feature of beta blockers includes at least one aromatic ring attached to the alkyl 
side chain with a secondary hydroxyl and amine functional group. The asterisk denotes the stereogenic centre. 
Reproduced from Kinfe et al. (Kinfe et al. 2009). 
 
Exploring the preparation of optically active precursors for -adrenergic blocking agents has 
become an attractive field, and the resolution of -hydroxy nitriles for the stereoselective 
synthesis of -adrenergic blocking agents has been increasingly researched (Hammond et al. 
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2005a; Wünsche et al. 1996). The chemistry of -hydroxy nitriles has been explored, but 
there are relatively few reports detailing the asymmetric hydrolysis of -hydroxy nitriles 
using microbial or enzymatic transformations, apart from that of 3-substituted glutaronitrile 
derivatives (Crosby et al. 1992; Kakeya et al. 1991; Maddrell et al. 1996).  
 
Li and Wu reported the hydrolysis of 3-hydroxy-4-aryloxybutanenitriles using Rhodococcus 
sp. CGMCC 0497 (Wu and Li 2003), demonstrating that -hydroxy nitriles could be 
hydrolysed to their corresponding amides and acids. However, unlike the hydrolysis of α-
hydroxy nitriles, they did not obtain an excellent ee for hydrolysis of -hydroxy nitriles. With 
the limited number of efficient approaches for the resolution of -hydroxy nitriles using 
nitrile degrading enzymes, we felt there was scope for exploring alternative biocatalysts 
which can provide excellent ee. Using R. rhodochrous ATCC BAA-870, the asymmetric 
hydrolysis of aromatic -hydroxy nitriles could be achieved with excellent e.e. and moderate 
to high yields (Kinfe et al. 2009). The highest enantioselectivity was found in the conversions 
of 4-(4-methoxyphenoxy)-3-hydroxybutanenitrile and 4-(benzyloxy)-3-hydroxybutanenitrile 
to their respective amides, with an ee of more than 99% (Table 1.3). 
 
From the results obtained, it was deduced that the nitrile-metabolising enzyme system of R. 
rhodochrous ATCC BAA-870 consists of an (R)-specific nitrile hydratase and a (S)-specific 
amidase. The enantioselectivity depended on the nature of the substituent attached to the 
phenyl ring. 
 
This was the first report to demonstrate hydrolysis of β-hydroxy nitriles using nitrile 
degrading enzymes with excellent enantiomeric excess. The work also highlighted a possible 
synthetic route to enantiomerically pure -adrenergic agents such as the chiral intermediate 
used in the production of the cholesterol lowering drug Lipitor® (Atorvastatin calcium). 
R. rhodochrous ATCC BAA-870 is, therefore, a potentially useful tool in the synthesis of 
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Table 1.3. Resolution of -hydroxy nitriles by R. rhodochrous ATCC BAA-870 
 
Incubation of various 3-hydroxy-4-aryloxybutanenitriles provided efficient and selective access to (R)-amide 
and (S)-Acid except in the case of the benzyloxy substrate 4, where (S)-amide and (R)-acid was obtained. In all 
cases complete conversion of the starting nitrile was achieved and the percentage ee and the products were 




C NMR spectroscopy, respectively, after 
chromatographic separation. 
 
The resolution of -hydroxy nitriles to enantiomeric amides and acids also raises the 
possibility of production of non-proteinogenic amino acids, which are precursors for a range 
of biologically active compounds (Eichhorn et al. 1997). Viral protease inhibition strategies 
include substrate-based inhibitors such as those based on peptide-like 
products/peptidomimetics or non-cleavable substrates such as the novel non-covalent 
phenylethyl amide inhibitor of HCV NS3 protease (Colarusso et al. 2003). 
 
1.1.3.3. Enantioselective hydrolysis of beta-amino nitriles 
Beta-amino amides and acids have many applications in pharmaceutical industries and drug 
discovery. For example, beta amino acids are used in the synthesis of several drugs such as 
the antifungal antibiotic Cispentacin (Davies et al. 1994), antitumour drug Taxol (Holton et 
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peptides and small molecules (Hsiao et al. 2004). They may also be used in the manufacture 
of peptidomimetics for viral protease inhibitors (Aguilar et al. 2007; Colarusso et al. 2003; 
Gademann et al. 1999; Steer et al. 2002). Recently, the enantiomeric resolution of -amino 
amides and acids by R. rhodochrous ATCC BAA-870 was achieved through relatively mild 
enzymatic hydrolysis, and offers a green biocatalytic method for the production of racemic 
-amino acids (Chhiba et al. 2012). 
 
Chhiba et al. used R. rhodochrous ATCC BAA-870 to achieve the asymmetric hydrolysis of 
unprotected -aminonitriles to the corresponding amides (Figure 1.5 and Figure 1.6) with ee 
values of product and substrate of over 50% (Chhiba et al. 2012). The nitrile hydratase 
showed enantioselectivity towards substrates with substitutions on the -aromatic moiety. 
 
 
Figure 1.5: General scheme for the biocatalytic conversion of β-aminonitriles to β-amino 
amides and acids.  
Scheme reproduced from Chhiba et al. (Chhiba et al. 2012). 
 
A range of -aminonitriles (3-amino-3-phenylpropanenitrile and derivatives) were 
hydrolysed to the corresponding amides using BAA-870 as biocatalyst. Results showed that 
the nitrile hydratase enzyme was in particular enantioselective for 3-amino-3-p-
tolylpropanenitrile and 3-amino-3-(4-methoxyphenyl)propanenitrile and the corresponding 
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Figure 1.6. Synthesis of β-amino amides by R. rhodochrous ATCC BAA-870. 
Scheme reproduced from Chhiba et al. (Chhiba et al. 2012). 
 
The enantioselective hydrolysis of the nitrile group of -amino substituted nitrile 
compounds was achieved with the N-protected -substituted amino derivatives. N-tosyl and 
N-Boc protected compounds were not hydrolysed, possibly because these groups were too 
large to be accommodated in the nitrile hydratase (NHase) active site. The smaller N-acetyl 
compounds were hydrolysed, but the unprotected compounds were not, which did not 
support the active site size theory. It was surmised by Chhiba et al. that the lack of 
hydrolysis of unprotected compounds was due rather to protonation of the amino group at 
a pH less than 9, since the reaction proceeded when performed at pH 9 (Chhiba et al. 2012). 
The biocatalytic hydrolysis of -amino nitriles to -amino amides by BAA-870 lends further 
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1.2. Targeting specific nitrile converters: Isolating the nitrilase and 
nitrile hydratase for biocatalysis 
 




Hydration of nitriles in plants and microbes may be catalysed by one of two distinct 
pathways (Figure 1.3). Generally, aliphatic nitriles are converted to amides by nitrile 
hydratases and then hydrolysed by amidases to carboxylic acids. Aromatic nitriles, on the 
other hand, are metabolised to the corresponding acid in a single-step reaction by nitrilases. 
There are many exceptions to this including, for example, the nitrile hydratases of a 
Rhodococcus sp. (Hjort et al. 1990) and Bacillus smithii SCJ05-1 (Takashima 1995), and the 
nitrilase of R. rhodochrous K22 (Kobayashi et al. 1990b), which are capable of hydrolysing 
both aliphatic and aromatic nitriles. 
 
Nitrilases and nitrile hydratases are attracting increasing attention in the field of 
biotransformation and biocatalysis. Their ability to produce a carboxylic acid from a 
corresponding nitrile, with nitrile hydratase producing an amide as an intermediate, has 
provided great potential for the use of these enzymes as nitrile catalysts functioning under 
relatively mild reaction conditions. One of the most well-known commercial examples of 
nitrile bioconversion by a nitrile hydratase is that of the manufacture of acrylamide from 
acrylonitrile (Kobayashi et al. 1992a). This application for the synthesis of acrylamide started 
in 1985, with Mitsubishi Rayon first producing over 30,000 tons of acrylamide per year 
(Faber 1995, 1997). Acrylamide bioproduction now exceeds 100,000 tons per year (Liese et 
al. 2000), with the worldwide biocatalytic production of acrylamide estimated to be more 
than 400 000 tons per annum (Zheng et al. 2010). This was the first bioconversion process to 
be successfully applied to the petrochemical industry and implemented for the industrial 
production of a commodity chemical. Most nitrile bioconversions are still achieved through 
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rhodochrous. An acrylamide producing plant has recently been commissioned in South 
Africa by Senmin (Pty) Ltd, using biocatalysis technology developed by the world’s leading 
chemical company BASF, in partnership with Ciba Speciality Chemicals Inc. (Milmo 2000). 
Production of acrylamide using a whole cell Rhodococcus at this plant is estimated at 20 000 
tons. 
 
Although several nitrile-hydrolysing enzymes have been isolated from natural sources, these 
enzymes were generally too unstable for commercial use in the isolated state, and most 
applications of these enzymes has consequently been as whole-cell biocatalysts. However, 
applying whole cell biocatalysts can present disadvantages in that some small aliphatic 
nitriles, and those with hydroxy and amino groups, can be utilized by the organism itself as 
carbon sources (Meth-Cohn and Wang 1997). Also, the decreased yield of amides obtained 
when whole cell systems are used can be avoided when using purified enzymes since they 
are not utilized by the organism. Despite the large number of nitrilases and nitrile 
hydratases that have been purified there is a scarcity of suitable and/or well-characterised 
commercial nitrile-converting biocatalysts. 
 
Rhodococcal nitrilases and nitrile hydratases are the best characterised of the nitrile-
degrading enzymes. Although many Pseudomonal nitrile-metabolizing enzymes have been 
studied, they generally have narrower substrate ranges than the rhodococcal enzymes 
(Dhillon et al. 1999; Layh et al. 1998). 
 
Nitrile converting enzymes can be found in various Rhodococcus strains isolated from 
geographically diverse locations, including shallow marine sediments (Langdahl et al. 1996), 
deep-sea sediments (Heald et al. 2001) and various soil types, including garden soil (Kato et 
al. 1998; Layh et al. 1994; Layh et al. 1997), subtropical rain forest soil (Brandão et al. 2002), 
mangrove mud (Brandão et al. 2002) and contaminated river bank soil and sludges (Blakey 
et al. 1995; Scholtz et al. 1987). The suitability of the organism to diverse habitats accounts 
for the numerous types of nitrile metabolizing enzymes found within the species, including 
mesophilic and thermophilic enzymes with wide pH and temperature profiles (Cowan et al. 
1998; Cramp and Cowan 1999). The majority of rhodococcal nitrilases, nitrile hydratases and 
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2004; Kato et al. 1999; Kaul et al. 2004; Kobayashi et al. 1992c; Kobayashi et al. 1992b). 





Nitrilase enzymes (E.C. 3.5.5.1) catalyse the direct hydrolysis of aliphatic and aromatic 
nitriles into the corresponding carboxylic acid and ammonia (Equation 1). 
 
R-CN + 2H2O → R-COOH + NH3     Equation 1 
 
Nitrilases are widely distributed in plants, where they catalyse the conversion of indole-3-
acetonitrile into the plant hormone indole-3-acetic acid. They are also found in fungi and 
bacteria that can metabolise nitrile-containing herbicides (Kaplan et al. 2011a; Parekh et al. 
1994; Stalker et al. 1988; Veselá et al. 2010). 
 
The enzymatic synthesis of enantiopure carboxylic acids using nitrilases reached a major 
milestone when Yamamato and co-workers produced (R)-mandelic acid from mandelonitrile 
using Alcaligenes faecalis whole cells (Yamamoto et al. 1991). However, due to the limited 
availability and stability of nitrilase enzymes, work on enantiopure compounds did not 
progress much during the 1990s. Since then, nitrilases have been used to stereoselectively 
synthesize amino- and hydro-carboxylic acids in high enantiomeric excess (Schmid et al. 
2001). Enzymatic conversions of substrates to chiral -hydroxy- or -aminocarboxylic acids 
have been successfully achieved at BASF (Germany), and (R)-mandelic acid is now 
manufactured at the multi-ton scale. Applications of nitrilases have advanced in recent 
years due to ongoing studies detailing their structural (O'Reilly and Turner 2003; Thuku et al. 
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1.2.3. Nitrile hydratase 
 
Nitrile hydratases (NHases) catalyse the direct hydrolytic conversion of aromatic and 
aliphatic nitriles into the corresponding amide (Equation 2). 
 
R-CN + 2H2O → R-CONH2      Equation 2 
 
The expression of nitrile hydratase and amidase enzymes are often associated in the same 
organism, and the structural genes can be found to be adjacent on the same operon under 
the control of the same activator protein (Lu et al. 2003). Amidases, associated with nitrile 
hydratases, are being increasingly used in the biotechnology arena for production and/or 
conversion of valuable intermediates. For example, immobilized penicillin acylase (amidase) 
(E.C. 3.5.1.11) is widely used in the production of 6-aminopenicillanic acid from penicillin 
(Rolf and Lim 1985). Klebsiella oxytoca contains an (R)-specific amidase, and converts (R,S)-
amide to (R)-acid while the (S)-amide remains unconverted (Shaw et al. 2002). This 
enantiomeric reaction has been developed for large-scale biotransformation by Lonza (Shaw 
et al. 2003). Amidases are used by the Dutch chemical company DSM to produce non-
proteinogenic L-amino acids by kinetic resolution of racemic amino-acid amides. These L-
amino acids are building blocks for synthesis of pharmaceuticals. Several hundred tons of 
these products are used in the production of a broad spectrum of L- and D-amino acids. 
 
 
1.2.4. Nitrilase and nitrile hydratase in industry 
 
Due to the hydrophobic nature of most nitriles, organic solvents are usually added to the 
aqueous reaction medium during nitrile-conversion by nitrilases and serves to enhance the 
bioavailability of the substrate. Moreover, some solvent systems significantly enhance the 
enantioselectivity of certain enzymes. For example, hexane, acetone and -cyclodextrin 
improved the enantioselectivity of the asymmetrization of 3-arylglutaronitriles (Nagasawa 
et al. 1993). Unfortunately, many of these nitrile-hydrolysing enzymes cannot be used in the 
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applicability to situations where the organonitrile substrate is very poorly soluble in water. 
Water-miscible solvents such as methanol and ethanol have been shown to be suitable co-
solvents for purified enzyme only in concentrations of up to 20% (v/v), above which enzyme 
inactivation occurs. However, a purified nitrile hydratase from Rhodococcus equi displayed 
activity in the presence of high concentrations of water-immiscible hydrocarbons, for 
example up to 90% (v/v) isooctane (Prepechalová et al. 2001). Purified high molecular mass 
nitrile hydratase from R. rhodochrous J1 is unusually stable, retaining 89 – 100% of its 
original activity in alcohols, and showing appreciable activities in 50% (v/v) ethylene glycol, 
dimethyl sulfoxide and acetone (Nagasawa et al. 1993). This enzyme may be unusually 
tolerant to organic solvents due to its complex quaternary structure, the holoenzyme being 
composed of 20 subunits (Nagasawa et al. 1993). 
 
 
1.3. Building tool boxes for nitrile biocatalysis 
 
The organism R. rhodochrous BAA-870 is a potentially useful nitrile biocatalyst. However, 
initial results suggest it contains at least two different nitrile hydrolyzing enzyme systems 
consisting of nitrilase and nitrile hydratase/amidase (Brady et al. 2004b; Chhiba et al. 2012; 
Kinfe et al. 2009). We do not know if there are multiple isoenzymes or what the copy 
number is. Moreover, due to poor mole balances observed in prior experiments (not shown) 
there may be enzymes that are responsible for the further metabolism of the amide and 
acid products of nitrile enzymatic hydrolysis (Meth-Cohn and Wang 1997). Hence it would 
be advisable to know more about the overall genome of the organism. Furthermore, if the 
nitrilase and nitrile hydratase are to be of general use as biocatalysts, it would be preferable 
to isolate the responsible genes and express the enzymes independently for further 
characterization studies. This would also facilitate structural and mechanistic studies, as well 
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1.4. Objectives 
 
1. To determine the R. rhodochrous BAA-870 genome sequence, annotate it, identify the 
genes encoding nitrile hydrolyzing enzymes, and possibly identify the genes for enzymes 
that may of value industrial biocatalysis.  
2. To isolate the gene for nitrilase activity, express it heterologously, and characterize the 
enzyme. 
3. To isolate the gene for nitrile hydratase activity, express it heterologously, and 
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2.1. Introduction 
2.1.1. Rhodococcus rhodochrous 
 
2.1.1.1. The Rhodoccocus genus 
 
Rhodococcus is a bacterial genus that can be isolated from range of sources including soil, 
marine sediments, rocks, groundwater, boreholes, animal dung, insect guts, and healthy and 
diseased plants and animals (Goodfellow 1989a; Ivshina et al. 1994). Some interesting 
sources from which Rhodococcus have been isolated include a high-level nuclear waste 
plume (Fredrickson et al. 2004) and even a medieval grave (Takeuchi et al. 2002). The 
Rhodococcus genus is a gram positive, aerobic, non-motile, mycolate-containing, 
nocardioform actinomycetes (Goodfellow 1989b). Nocardioform refers to the mycelial 
growth-like characteristic; and fragmentation of the growing bacterial cells into coccoid and 
rod-shaped elements (Lechavalier 1989). 
 
Rhodococcus exhibits a large metabolic diversity and as a result can degrade a variety of 
pollutants which affords environmental and industrial biotechnologies a useful tool in 
transformation and degradation chemistries. Biotechnology using Rhodococcus has been 
used in the manufacture of, for example, surfactants, polymers, amides and flocculants (Bell 
et al. 1998). The commercial potential of these biotechnologies is reflected in the number of 
increasing patents involving Rhodococcus (see Appendix 7.1) for some results of recent 
patent searches). Rhodococcus has useful phenotypic traits, and the commercial value of the 
organism in technology has increased due to improved cloning and genetic manipulation 
technology (de Carvalho and da Fonseca 2005; Rzeznicka et al. 2010; Schumacher and 
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2.1.1.2. Rhodococcus classification according to numerical, chemo- 
and molecular taxonomy 
 
The actinomycetales order (Figure 2.1) includes some of the world’s most important 
organisms: Mycobacterium tuberculosis is responsible for the largest number of human 
deaths by bacterial infection, and the streptomycetes produce most of the antibiotics used 
today. Rhodococcus is arguably the most industrially important actinomycetes genus (Van 
der Geize and Dijkhuizen 2004) owing to its success as a microbial biocatalyst (Banerjee et 
al. 2002) and applications in a wide range of uses, from bioactive steroid production (Yam et 
al. 2010), to fossil fuel desulphurization (Gray et al. 1996), to the production of kilotons of 














Figure 2.1: The full lineage of Rhodococcus. 
A nocardioform actinomycetes bacteria, Rhodococcus includes cellular organisms; Bacteria; Actinobacteria; 
Actinobacteria (class); Actinobacteridae; Actinomycetales; Corynebacterineae; Nocardiaceae; Rhodococcus. 
Information was obtained from NCBI Genome Data Bank. 
 
The synonyms commonly used for the strain are many, and include Rhodococcus roseus, 
Bacterium mycoides roseum, Staphylococcus rhodochrous and Gordona (sic) rosea (Table 
2.1). The name ‘J1’ is listed as a common misnomer as it was often used loosely to describe 
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rhodochrous J1, largely seen as the most well studied model Rhodochrous species 
(Kobayashi et al. 1989; Kobayashi et al. 1991; Kobayashi et al. 1992c; Kobayashi et al. 1993b; 
Komeda et al. 1996b; Nagasawa et al. 1988; Nagasawa et al. 1993). 
 
Table 2.1: R. rhodochrous taxonomy and historical synonyms and misnomers associated 
with the species 
R. rhodochrous Taxonomy 
synonym: Rhodococcus roseus 
synonym: Bacterium mycoides roseum 
synonym: Staphylococcus rhodochrous 
synonym: "Staphylococcus rhodochrous" Zopf 1891 
synonym: Rhodococcus rhodochrous (Zopf 1891) Tsukamura 1974 
includes: Rhodococcus rhodochrous isolate DY6 
includes: Rhodococcus rhodochrous isolate DY5 
includes: Rhodococcus rhodochrous str. J1 
misnomer: J1 
 
There are currently 12 established Rhodococcus species: R. equi, fascians, erythropolis, 
opacus, coprophilus, rhodnii, ruber, marinonascens, percolates, zopfii, globerulus and 
rhodochrous. The following strains also belong to established Rhodococcus species: 
Arthrobacterpicolinophilus, Corynebacterium hoagie, Nocardiarestricta and 
Nocardiacalcarea. Rhodococcus is a phylogenetically coherent clade – members are 
exclusively mycolate-containing genera, and are the only genera to possess mycolic acid in 
the cell wall (Embley and Stackebrandt 1994). The genera Corynebacterium, Mycobacterium 
and Nocardia were coined the “CMN” group, but include the genera Rhodococcus, Gordona, 
Tsukamurella and Dietza (Ruimy et al. 1994). 
 
The Rhodococcus genus was originally proposed on the basis of a study by Goodfellow and 
Alderson (1977) which examined 92 unit characters of test strain actinomycetes, and 
grouped them according to percentage similarity (Goodfellow and Alderson 1977). These 
characteristics included staining, morphology, resistance to various antibiotics, tolerance to 
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nutritional tests and chemical analyses. Fluorogenic tests to identify specific enzyme 
activities was also eventually included in similar numerical studies (Goodfellow et al. 1990). 
 
Rhodococci are also defined by chemical characteristics which were outlined by Goodfellow 
(1989) and later Finnerty (1992) (Finnerty 1992; Goodfellow 1989b). The cell walls are 
described as having a chemotype-IV: this chemotype is characterised by arabinose and 
galactose as major cell wall sugars and peptidoglycan with one diamino acid, namely meso-
diaminopimelic acid (Lechavalier and Lechavalier 1970). Other “CMN” group members have 
a chemotype-IV cell wall, but Rhodococcus is separated from them on the basis of a 
combination of chemotaxonomic characteristics that have been described by Rainey and 
colleagues (Rainey et al. 1995). The key considerations are the presence of tuberculostearic 
acid, mycolic acids with a length of 34 – 64 carbon atoms, and the fact that dehydrogenated 
menaquinones with eight isoprenoid units form the major menaquinone type. However, the 
menaquinones lack the cyclic element which is a characteristic of Nocardia. Relative 
proportions of lipids, including mycolates and fatty acids can be a useful differentiation of 
species within the genus (Klatte et al. 1994). 
 
The evaluation and organization of the Rhodococcus taxonomy has in more recent years 
been helped by analysis of the sequence of the 16S rRNA gene, and gives an indication of 
how closely related the organisms are by the degree of variation in sequence. Bacteria with 
similarities in their 16S rRNA sequences of 97% and above can be considered the same 
species (Stackebrandt a d Goebel 1994). DNA-DNA re-association values can add strength 
to species identification – a similarity value of 70% is considered a minimum for species 
identity (Wayne et al. 1987). A study by Rainey et al. 1995, showed Rhodococcus to be a 
relatively divergent species with at least 5 distinct groups: one group contains R. 
rhodochrous, ruber and coprophilus, another contains R. erythropolis, globerulus, opacus 
and marinonascens, while R. rhodnii, fascians and equi each lie within their own distinct 
phylogenetic branch (Rainey et al. 1995). The study also concluded that Nocardia evolved 
from within Rhodococcus rather than alongside it. Ochi analysed sequences of ribosomal AT-
L30 proteins and found good agreement with phylogenies obtained from 16S rDNA 
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2.1.2. Problems caused by Rhodococci 
 
2.1.2.1. Disease and infection 
Interestingly, rhodococcal diseases are evident in plants, animals and humans. Infection of 
humans by Rhodococcus is increasing, both in occurrence and recognition of infection 
(Finnerty 1992; McNeil and Brown 1994). Rhodococcus has been a recognised equine 
pathogen for over 70 years, with Rhodococcus equi infections presenting in horses, 
particularly foals, and other animals (Prescott 1991). R. equi infection in humans is possible, 
and has shown increased frequency as a human pathogen, especially with the rise in 
immunosuppressed individuals. R. equi infection is associated with high mortality rates. 
Avirulent R. equi strains are widespread in soil and sand in Japan (Takai et al. 1996). 
 
Rhodococcus rhodnii exists as a symbiont in the gut of the insect Rhodnius prolixus, an 
important vector of Chagas’ disease (American trypanosomiasis) – growth and development 
of the insect is supposedly dependent on the growth of R. rhodnii and is a suggested target 
for biological control of the disease (Beard et al. 1992; Ben-Yakhir 1987). R. fascians 
infection in plants causes growth abnormalities. The virulence of different strains varies 
considerably, and susceptibility of even very closely related plants differs (Eason et al. 1995). 
Infection by R. fascians has several unique features, and no other work has been done on a 
gram-positive organism infecting plants. It has economic significance since it can infect crop 
plants such as tobacco and peas (Eason et al. 1995; Stange et al. 1996; Vereecke et al. 1997). 
 
2.1.2.2. Foam formation in activated sludge plants 
An increasingly common problem in water treatment plants is the formation of thick surface 
foams during activated waste-water treatment – these foams cause operational problems 
(Blackall 1994; de los Reyes et al. 1997). These surface foams reduce oxygen transfer, cause 
higher effluent biochemical oxygen demand, lead to greater amounts of suspended solids 
including pathogens in effluents, and provide a medium for wind-assisted dispersal of 
pathogens (Goodfellow et al. 1997; Schuppler et al. 1995; Tipping 1995). The significance of 
different nocardioforms in foaming is varied, but Rhodococci have been found to be 
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2.2. The significance of Rhodococcus in biotechnology 
The significance of Rhodococcus in biotechnology is evident from the range of applications 
in which it has been used, including biodegradation of pollutants and bioremediation, 
biosurfactants and bioflocculants, desulphurization of fossil fuels, and even oil prospecting. 
Rhodococci can degrade chemical pollutants ranging from simple hydrocarbons through to 
aromatic and chlorinated hydrocarbons, nitroaromatics and polycyclic aromatics (including 
polychlorinated biphenyls, or PCBs, which are recalcitrant to degradation, hazardous, and 
persistent pollutants in soil and groundwater (Häggblom et al. 1994)). Various PCBs have 
been shown to be degraded by Rhodococci, including R. rhodochrous, R. erythropolis, and R. 
globerulus and other unclassified Rhodococcus strains (Asturias and Timmis 1993; Boyle et 
al. 1992; Maeda et al. 1995; Seto et al. 1995). Other toxic pollutants degraded by 
Rhodococci include pesticides (Parekh et al. 1994), sulphonated azo dyes (Heiss et al. 1992), 
s-triazines (Mulbry 1994b) and n-methyl carbamates (Behki et al. 1994). 
 
The presence of multiple homologs of catabolic genes in Rhodococcus suggests that they 
may provide a comprehensive biocatalytic substrate profile (Van der Geize and Dijkhuizen 
2004). Rhodococci are well known to have the capacity to degrade hydrophobic compounds, 
including polychlorinated biphenyls (PCBs), that is mediated, in for example Rhodococcus 
jostii by a cytochrome P450 system consisting of 29 genes which is involved in catabolism of 
hydrocarbons (Grogan 2011; Rosłoniec et al. 2009; Xiong et al. 2011). Cytochrome P450 
oxygenase is often found fused with a reductase, as in Rhodococcus sp. NCIMB 9784 (Li et al. 
2009). Biphenyl/PCB degradative genes are found in multiple sites on the Rhodococcus sp. 
RHA1 genome, both on the chromosome as well as on linear plasmids (Van der Geize and 
Dijkhuizen 2004). Rhodococcus jostii RHA1 was found to show lignin-degrading activity, 
possibly based on the same oxidative capacity as that used to degrade biphenyl compounds 
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2.2.1. Applied industrial uses 
 
2.2.1.1. Industrial synthesis and transformation 
The commercial success of industrial bioproduction of acrylamide by R. rhodochrous J1 at a 
large scale, is still the most cited example of successful application of bacteria in industry 
(Yamada and Kobayashi 1996). Acrylamide is a commodity chemical used extensively in 
coagulators, soil conditioners, adhesives, paints and petroleum recovering agents. 
Rhodococcal nitrilases and nitrile hydratases can be used to produce acrylic acid, various 
high value amides, the vitamins nicotinamide and p-aminobenzoic acid, antimycobacterial 
agents isonicotinic acid hydrazide and pyrazinamide, and -hydroxy acids (Kobayashi and 
Shimizu 1994; Yam et al. 2011; Yamada and Kobayashi 1996; Zhou et al. 2010), in high yields 
and high specificities. 
 
The production of poly(3-hydroxyalkanoic) acids by R. ruber has been used in the production 
of bio-plastic (Pieper and Steinbuchel 1992). The co-polyester of 3-hydroxybutyrate and 3-
hydroxyvalerate (3HB-co3HV) is produced commercially as a biodegradable plastic (BIOPOL) 
by Zeneca Bio Products. However, R. ruber can produce 3HB-3HV with a different proportion 
of monomers while growing on a cheaper substrate than that used for BIOPOL production 
(Lee 1996; Pieper and Steinbuchel 1992). 
 
Gaseous alkenes have been transformed into epoxides by Rhodococcus (Woods and Murrell 
1990) and the epoxides subsequently used in ferric electric liquid crystals (Kieslich 1991) 
while the medically valuable compound, sec-cedranol, has been produced through efficient 
biotransformation by Rhodococcus (Takigawa et al. 1993). Rhodococcus enzymes have been 
used for the efficient production of amino acids L-leucine and L-phenylalanine (Bhalla et al. 
1992; Hummel et al. 1987; Hummel 1997). A variety of enzymes from Rhodococcus are 
successfully used in biotechnology; cholesterol oxidases from Rhodococcus could have 
applications in food industry or steroid drug production (Christodoulou et al. 1994; Finnerty 
1992; Kreit et al. 1994), and carbonyl reductases give a range of compounds that can be 
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include using R. fascians in bioreactors to improve the flavour of bitter fruit juices (Iborra et 
al. 1994; Marwaha et al. 1994) by degrading limonin, a bitter tasting compound. 
 
2.2.1.2. Hydrocarbon degradation and heavy metal remediation 
A naturally occurring consortium of bacteria was removed from cyanobacterial mats found 
floating in oil-polluted Arabian Gulf waters, and used to inoculate oil-contaminated soil by 
Sorkhoh et al. (1995). It resulted in increased removal of oil from the sand, and Rhodococci 
were noted to be the predominant bacteria in the microbial population (Sorkhoh et al. 
1995). The rate of pentachlorophenol (PCP) degradation was enhanced by inoculation of 
sandy soil with R. chlororaphis (now Mycobacterium) (Briglia et al. 1994; Miethling and 
Karlson 1996). When composted soil contaminated with crude oil was inoculated with R. 
ruber, increased counts and persistence of hydrocarbon-oxidizing bacteria was noted 
(Christofi et al. 1998). 
 
R. erythropolis, a hydrocarbon-degrading strain, was introduced to artificially contaminated 
soil plots, and shown to result in increased hydrocarbon degrading bacterial populations and 
increased hydrocarbon degradation overall (Koronelli 1996). R. percolates was first isolated 
from a chlorophenol-fed bioreactor (Briglia et al. 1996) and could be used in a bioreactor to 
degrade toxic compounds in industrial effluents. A muconic acid producing R. rhodochrous 
strain was used by Warhurst et al. for the assimilation of benzoate from soil (Warhurst et al. 
1994). 
 
The possible bioaccumulation by Rhodococcus of heavy metal ions, including radioactive 
heavy metal ions, has been explored. Two Rhodococcus strains were shown to accumulate 
high levels of caesium ions to 5% and 9% of their dry biomass (Tomioka et al. 1994). 
 
2.2.1.3. Surfactants 
Rhodococcus species have been shown to have the ability to produce surfactants (Finnerty 
1992). Biosurfactants are relevant to biodegradation. Cellular surfactants, such as the 
mycolic acids present in rhodococcal cell walls, cause adherence of Rhodococci to 
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tension between phases, making it easier for hydrophobic compounds to enter the cell 
(Fiechter 1992), while extracellular surfactants disperse hydrophobic compounds which 
increases the surface area for microbial attack (Finnerty 1994). Some biosurfactants have 
been reported to be more effective and efficient than existing synthetic surfactants, and 
may be more biodegradable and less toxic (Finnerty 1994; Philp and Bell 1995). 
Biosurfactants may be produced at high enough levels by Rhodococci to allow the use of 
whole broths in some oil industry applications (Abu-Ruwaida et al. 1991). Surfactants from a 
R. ruber strain enhanced removal of oil from soil in laboratory soil washing tests (Christofi et 
al. 1998). 
 
2.2.1.4. Fossil fuel desulphurization 
Removal of organic sulphur from fuel is difficult, and it has been suggested that microbial 
desulphurisation of petroleum and coal could be a way to prevent sulphurous emission from 
combustion, and consequently, reduce the associated problem of acid rain, while at the 
same time increasing the value of the fuel (Gray et al. 1996; Kilbane 1989). The potential of 
Rhodococcus spp. in desulphurization of fuel has been researched by many groups in the 
USA and Japan, including Energy Biosystems Corporation (USA) which has focused on the 
genetics and enzymology of Rhodococcus desulphurization (Bozdemir et al. 1996; Denome 
et al. 1994; Izumi et al. 1994; Kayser et al. 1993; Wang and Krawiec 1994). One unique 
selectivity of Rhodococcus, in particular, makes it a significant and interesting microbe for 
the desulphurization of fuel, namely the ability to cleave carbon-sulphur bonds while leaving 
carbon-carbon bonds intact (for example in the model compound dibenzothiopene). This 
selectivity allows for desulphurization of fuel without affecting its calorific value. 
 
2.2.1.5. Biosensors and other applications 
There are various reports on using rhodococcal cells or rhodococcal enzyme incorporation in 
biosensors for compounds such as substituted phenols and hydrocarbons (Riedel et al. 
1993; Beyersdorfradeck et al. 1994; Peter et al. 1996). The possibility of Rhodococcus 
phenylalanine dehydrogenase used in a biosensor to screen for phenylketonuria was 
proposed by Hummel in 1997 (Hummel 1997). A biosensor for heroin detection was 
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et al. 1994, and consequently research into the development of a heroin detection 
biosensor was funded by UK Customs and Excise (Coghlan 1994). 
 
 
2.3. Sequencing the genome of R. rhodochrous ATCC BAA-870 
 
2.3.1. The value of a microbial genome 
 
As commented on by Galperin and Koonin in a recent review (2010), the beauty of the 
genome, or “the value of the sequence information, is in the eye of the beholder” (Galperin 
and Koonin 2010). Specific uses of genome sequence information can be sought after by the 
research group spearheading the genome project, such as the environmental remediation 
goals of the sequencers of Rhodococcus jostii RHA1 mentioned above. See Appendix 7.2.1 
for a list of South African genome projects (excluding human genome projects) and 
Appendix 7.2.2 for a summary of the cost motivation behind sequencing the BAA-870 
genome. 
 
However, regardless of the specific aims, the genome of an organism generally can be used 
for:  
- cloning and expression of any gene with relative ease 
- reconstruction of metabolic pathways and signalling networks 
- studying the adaptations to environmental and ecological stimuli and mutational 
patterns in a quantitative manner 
- identifying genes and traits not obvious in the organism 
- determining virulence factors in the case of pathogens 
- creating microarrays to analyse gene expression 
- studying the evolutionary traits of an organism on a small scale 
- adding to the knowledge of biological diversity 
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2.3.1.1. Harnessing national biodiversity 
Genomic resources and microbial diversity in South Africa is virtually unexplored. It is 
estimated that more than 90% of the world’s microbial population is uncultured (DeLong 
2009; Hugenholtz 2002), and the estimation for South African microbial resources is even 
higher at an estimated 99% (Burton and Cowan 2002). Given the immense geographical and 
micro-habitat diversity in the country, it can be said that the local biodiversity is a major 
pool of potential drug discovery, and the exploration and development of new organisms, 
enzymes and genes for the foods and environmental sectors, for example, can be expected 
to contribute a large share of the global annual microbial technologies market. 
 
However, the potential for successful drug discovery will only be realized if there are 
effective mechanisms in place to “take the discoveries from the forest to factory in a 
sustainable manner” (Burton and Cowan 2002). Successful applications in biotechnology 
require investment in primary research and establishing the infrastructure for technology 
transfer of later stage research.  
 
2.3.2. The genome as a resource for biocatalysis: The reverse genetics 
approach 
 
Generally, the traditional route for obtaining cloned enzymes for biocatalysis is followed. 
Screening of a large microbial culture collection provides the ‘hits’ that are desired for 
further development into commercial bioprocesses. The whole organism approach has 
several disadvantages despite the success obtained in many cases. The strategy is an 
empirical one and the screening process has to be repeated for each substrate/reaction 
pair. The process is labour-intensive and many false or negative ‘hits’ are obtained since 
whole cells often catalyse side-reactions in addition to the desired conversion, or degrade 
the reaction product. The enzyme of interest makes up a relatively tiny proportion of the 
total protein content of the organism, and its level of activity can be too low to outcompete 
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Once the enzyme which is responsible for the desired activity is isolated, its amino acid 
sequence can be used to construct primers for amplification and sequencing of the gene, 
which can then overexpressed in a heterologous host. This approach has been highly 
successful and remains extremely useful. However, in the case of enzymes present at 
naturally low levels, the initial purification is difficult, and amplification of genes from 
organisms with difficult template (high GC content and multiple closely related genes) can 
make the process difficult. Ultimately, the intrinsic properties of the enzymes available will 
determine how well biocatalysis enables novel routes to target molecules. In most cases the 
target enzymes did not specifically evolve for the reactions that they are used to catalyse. In 
identifying biocatalysts using the whole organism screening approach, one must identify the 
best enzyme for a specific task in a phase of bioprocess development which is time 
consuming and expends a significant proportion of the total effort used. 
 
The sequencing of multiple genomes has expanded the inventory of putative protein 
sequences and enabled a ‘reverse-genetics’ approach to biocatalyst discovery, wherein prior 
knowledge of the gene itself expedites the screening process. Using bioinformatics 
methods, it is possible to identify classes of genes which can be cloned, expressed, purified 
and evaluated for their activity. The advent of high-throughput expression and purification 
methods has made the process for bulk screening even more feasible. The power of the 
reverse-genetics screening method increases in direct proportion to the number of 
sequenced genomes (Stewart 2006). 
 
The strength of the reverse-genetics approach was demonstrated by Stewart 2006, who 
used it to build a library of synthetically useful dehydrogenases from Saccharomyces 
cerevisiae (baker’s yeast). Baker’s yeast was the first genome to be completely sequenced, 
and has more than a hundred year history of use in the reduction of a broad array of 
aldehydes and ketones. It is arguably the only living organism accepted as a routine and 
normal reagent in organic chemistry due to its low cost, lack of toxicity and availability. 
There are reports that individual yeast dehydrogenases may be highly stereoselective, 
although the overall bioconversions by the whole cell do not reflect this. Only a few yeast 
reductases have been identified using the traditional purification and gene cloning route, 
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feasibility in obtaining a broad range of biocatalytically useful enzymes. They identified 49 
yeast sequences of interest, targeted 23 ORFs for expression after eliminating gene 
sequences of enzymes already well-characterised, and used 19 of these for testing 
bioconversion abilities (Stewart 2006). The reduction of a range of unsubstituted and -
substituted -keto esters and ethyl acetoacetate substrates were tested. Most of their 
targets had unknown properties, and several targeted ORFs were hypothetical proteins. All 
their target proteins were expressed using fusion tags for ease of purification and to keep a 
universal strategy for all their targets. Their genome library approach provided reductases 
that performed a range of biocatalytic reductions, some with high stereoselectivities, and 
they demonstrated the performance of a library of dehydrogenases that could give multiple 
stereoisomers from a common starting material. 
 
Similarly, a bacterial glycosyltransferase gene toolbox was generated by Erb et al. 2009, for 
natural product biosynthesis (Erb et al. 2009). More than 70 bacterial glycosyltransferases 
are included in their tool box, which provide a base for establishing detailed knowledge of 
the functions and mechanisms of these enzymes which will enable rational design of novel 
glycosylated compounds. A toolbox of genes is an enticing way to exploit the full metabolic 
potential of the enzymes therein, and sequencing the genome provides a large pool of 
information for selective additions to the box. 
 
2.3.2.1. Directed gene cloning 
The value of the complete sequence of R. rhodochrous ATCC BAA-870 for biocatalysis 
applications is enormous. Application of whole cell biocatalysts is problematic, especially in 
the case of our target activities where, for example, small aliphatic nitriles, and those with 
hydroxy and amino groups, can be utilized by the organism itself as carbon sources (Meth-
Cohn and Wang 1997). Few synthetically useful pure enzymes were available until recently, 
and varieties of lipases and other hydrolases were the first class of enzymes to be packaged 
into enzyme kits that could be screened by bench chemists with relatively little or no 
biological training. Dehydrogenases have similarly been targeted (Zhu et al. 2005), but to 
date there is no kit containing nitrile converting enzymes. A library of enzymes allows 
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this organism include the high molecular weight nitrile hydratase, signature amidases, 
epoxide hydrolases, and lignocellulosic enzymes, to name just a few. Given the full genome 
sequence information, we can more easily ‘mine’ these enzymes with a directed approach. 
 
2.3.3. Sequenced Rhodococcus genomes 
 
In 2006 there was only one active full genome sequencing project involving Rhodococcus 
(Project ID: 13693) submitted to the National Center for Biotechnology Information (NCBI) 
database, that of Rhodococcus sp. RHA1, by the University of British Columbia, Canada/ 
Genome Sciences Centre, Canada. Rhodococcus sp. RHA1 was isolated from soil in Japan 
which was contaminated with a toxic insecticide, lindane (or -hexachlorocyclohexane) (Seto 
et al. 1995). It was found to be capable of degrading a range of polychlorinated biphenyls 
(PCBs), which are toxic compounds produced by industry (Masai et al. 1995). Its full genome 
is 9.7 Mbp, inclusive of one 7.8 Mbp chromosome and 3 plasmids (pRHL1, 2 and 3). The goal 
of that genome project was to better understand metabolic pathways and gene functions in 
the organism, and to apply the organism to bioremediation of contaminated environmental 
sites.  
 
During 2009, an additional 3 Rhodococcus genome sequences were submitted to the NCBI, 
including R. erythropolis PR4 and SK121, and R. opacus B4. In 2010, two strains from the 
pathogenic equi subtype were submitted, R. equi 103S and ATCC 33707 (Table 2.2). There 
are numerous rhodococcal plasmid sequences submitted to the NCBI, including a 7637 nt R. 
rhodochrous plasmid pNC500 which was completed in 2007 (GenBank accession number 
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R. jostii RHA1 2006 Provisional University of British Columbia, Canada, and 
Nagaoka University of Technology, Japan 
R. erythropolis PR4 2009 Provisional National Institute of Technology and Evaluation, 
Japan 
R. erythropolis SK121 2009 Draft J. Craig Venter Institute 
R. opacus B4 2009 Provisional Hiroshima University, Department of Molecular 
Biotechnology, Japan 
R. equi 103S 2010 Provisional IREC (International Rhodococcus equi Genome 
Consortium) 





Rhodococcus species isolated from soil are known to have diverse catabolism, and their 
genomes hold the key to survival in complex chemical environments. This characteristic 
gives them genomes rich with potential synthetic targets and novel chemistries. The aims of 
this study were to sequence the genome of a biotechnologically relevant organism, R. 
rhodochrous ATCC BAA-870, in order to use the genome as a resource for gene fishing and 
specific gene identification, and as a resource for future potential biocatalysis. The optimal 
assembly and annotation of the genome is explored. The genome content is summarized 
with respect to the protein complement and genome organization of BAA-870, and 
compared to other rhodococcal genomes. This genome represents the first rhodochrous 
subtype sequenced, and will add to the knowledge of Rhodococcus phylogeny. 
 
Specifically, the nitrile converting genes in the genome of BAA-870 will be summarized and 
compared with other rhodococcal genomes. Using the information extracted from the 
genome of BAA-870, potential targets of interest for future biotechnology applications will 
be identified. An outline of the benefits of having the genome sequence of R. rhodochrous 














Chapter Two: Sequencing the genome of R. rhodochrous 
2.5. Materials and Methods 
 
2.5.1. Strain and culture conditions 
 
R. rhodochrous ATCC BAA-870, isolated from soil in Johannesburg, was grown routinely on 
Tryptone soya agar (TSA) medium (Brady et al. 2004b). For genomic DNA preparation, the 
strain was grown in 50 mL Tryptone Soya Broth overnight at 37°C. Cells were centrifuged 
and the DNA purified using a using a Wizard® Genomic DNA Purification Kit (Cat. # TM050) 
from Promega (USA). DNA concentrations were measured spectrophotometrically by 
absorbance readings at 260 nm using a NanoDrop-1000. 
 
2.5.2. Sizing of the R. rhodochrous ATCC BAA-870 genome using pulsed-
field gel electrophoresis 
 
2.5.2.1. Bacterial culturing 
The previously characterized strain, Rhodococcus sp. R312 (Arnaud 1976, Briand 1994) was 
used as a genomic DNA size and restriction analysis control (Bigey et al. 1995). R. 
rhodochrous ATCC BAA-870 and Rhodococcus sp. R312 were grown in Luria Bertani (LB) 
medium and Nitriliruptor alkaliphilus was grown in minimal medium substituted with 
isobutyramide. N. alkaphilus is a new Actinobacterium closely related to, but distinct from, 
the Rhodococcus species, and recently characterised by collaborators at TU Delft, where the 
experiment was performed (Sorokin et al. 2009). Bacterial growth was measured using 
absorbance at 420 nm (Bigey et al. 1995). 
 
2.5.2.2. Genomic DNA plug preparation 
Bacterial cells were weakened by addition of 2% (w/v) glycine one hour before harvesting. 
Cells were centrifuged at 4 000 x g for 5 minutes and washed twice in Pett IV buffer (10 mM 
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of 15 – 20. DNA-containing plugs were made by mixing 325 l of cell suspension with 975 l 
low melting point agarose (maintained at 40 °C) in plug molds as per the instructions in the 
BioRad Pulsed-field gel electrophoresis (PFGE) kit. Plugs were incubated at 4 °C for 30 
minutes, then removed and incubated at 50 °C for 48 hours in 2 volumes of cell lysis buffer 
with one buffer change (10 mM Tris-Cl pH 7.5, 1 M NaCl, 100 mM EDTA, 0.5% (w/v) n-
laurylsarcosine, 0.2% (w/v) sodium deoxycholate, 0.5% (w/v) Brij-58, 5 mg/ml lysozyme and 
1 mg/ml proteinase K). The plugs were washed for 2 hours with gentle agitation at 37 °C in 8 
volumes of Tris-EDTA (TE) buffer (10 mM Tris-Cl pH 8.0, 1 mM EDTA) containing 2 mM 
Pefabloc SC, followed by a wash 4 times with 8 volumes of TE buffer for 1 hour at room 
temperature. Plugs were stored in 0.5 M EDTA at 4 °C. 
 
2.5.2.3. Restriction analysis 
Agarose plug slices were washed 3 times with TE buffer for 30 minutes and then 
equilibrated twice by incubation in appropriate restriction buffer for 30 minutes on ice. 
Restriction enzyme (15 to 20 Units) was added and incubated for 16 hours at 4 °C, and then 
4 hours at 37 °C. R. rhodochrous ATCC BAA-870, Rhodococcus sp. R312 and Nitriliruptor 
alkaliphilus were digested separately with AseI, DraI, SspI, SwaI, XbaI and HindIII. 
 
2.5.2.4. Electrophoresis 
Megabase agarose gels, 1 % in Tris-borate-EDTA (TBE) buffer, were run in a clamped 
homogeneous electric fields (CHEF) system (CHEF DR-II apparatus, Bio-Rad, U.S.A.). The 
electric field was maintained at 6 V/cm at a temperature of 14 °C, and run at different 
parameters depending on the desired fragment size separation (Table 2.3). Midrange PFG 
marker I agarose plug (Bio-Rad) was used as a size marker. No restriction digest controls 
were used. Gels were stained in ethidium bromide Safestain (Invitrogen) for 1 hour, and 
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Table 2.3: Electrophoresis parameters for separation of different fragment sizes 
Fragment size  (kb) Run time (hours) Ramp pulse time  (seconds) Field voltage (V/cm-) 
600-900 48 50-60 6 
350 – 650 40 30 – 45 6 
240 – 485 40 15 – 30 6 
60 – 240 30 5 – 15 6 
48-1000 20 40-55 6 
5 – 100 16 0.5 – 5 6 
Up to 3 Mb* 96 700 – 800 2 
*For separation of very large fragments, megabase agarose was used at 0.8%. 
 
2.5.3. Whole genome shotgun sequencing with Illumina Genome 
Technology 
 
R. rhodochrous BAA-870 genomic DNA was sequenced according to the manufacturer’s 
protocol using Solexa technology. Briefly, genomic DNA (~5 mg) was fragmented by 
nebulization into fragments of less than 800 nt. The fragments were end-repaired and a 
single A nucleotide was added using Klenow enzyme (Epicentre Biotechnologies, Wisconsin). 
Adapters needed to hybridize the fragments to the flow cell were then ligated to the 
fragmented genomic DNA. The ligation products were separated and purified by agarose gel 
electrophoresis to recover 150-250 bp products. These fragments were then PCR amplified 
using primers complementary to the now attached adapter sequences. After a final 
purification step (QIAquick PCR purification kit, Qiagen), quality control was performed as 
suggested by the manufacturer, measuring the OD260 and the OD260/OD280 ratio. An aliquot 
of the sample (7 pmol) was used to generate DNA clusters in one channel of a sequencing 
flow-cell. The flow-cell was subjected to 36 cycles of sequencing reaction on the Illumina 
Genome Analyzer. The Solexa sequencing output file data was analysed using the Solexa 
Data Analysis Pipeline v0.2.2.5 software and quality filtration using standard parameters 
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2.5.3.1. Assembly and annotation of Solexa Sequencing data 
The genome sequence data was assembled using a variety to programmes to assess the best 
assembly. These included Edena (Hernandez et al. 2008), Velvet (Zerbino and Birney 2008), 
Staden (Staden 1977), and a combination thereof. The best assembly data set was then 
annotated automatically using dCAS (Guo et al. 2009) and BASys (Van Domselaar et al. 2005), 
with annotations checked manually. Edena (Exact DE Novo Assembler) programme, version 
2.1.1.1 for Windows (Hernandez et al. 2008), was downloaded from 
www.genomic.ch/edena (Genomic Research Laboratory, Geneva University Hospitals, 
Switzerland). Edena was run on an AMD Opteron CPU 2.8 GHz supplied with 4 Gb of RAM. 
To validate the assembly, we looked for a number of key genes, known to be present. As 
some of these could not be located, it was assumed there was insufficie t coverage. Hence 
we performed mate-paired sequencing to improve the completeness of the data.  
 
2.5.3.2. Assembly and annotation of mate-paired sequencing data 
Purified genomic DNA from R. rhodochrous ATCC BAA-870 was submitted to BaseClear® BV 
in Leiden, the Netherlands. The original Illumina sequence reads obtained from the ab initio 
sequencing of R. rhodochrous ATCC BAA-870 were provided to the company, along with two 
sets of assembled contigs (assemblies of sequence data from R. rhodochrous ATCC BAA-870 
using different parameters). Baseclear applied quality filtrations to all Illumina sequence 
reads by removing paired reads containing N’s as nucleotides, and removed duplicated 
paired reads using the program SSPACE version 2 (Boetzer et al. 2011), which orders and 
orientates the contigs and combines them into so-called scaffolds. Baseclear scaffolded the 
quality filtered pre-assembled contigs into a number of scaffold sequences. The final 
scaffolds were produced by SSPACE in FASTA format and a statistical summary of the results 
provided by the company. The average size distance between mates was ~4500 bp. For 
assembling two BAA-870 sequence libraries, a shotgun library and a mate pair library, were 
used. The shotgun library with read length of 36 bp were used as input for contig building 
and the shotgun library, with read length 50 bp and a 5kb insert size, for scaffolding the 
assembled contigs. The IDBA assembler (Peng et al. 2010) was used for contig building. By 
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ordered into scaffolds (Table 1). Edena (Exact DE Novo Assembler) programme, version 
2.1.1.1 for Windows (Hernandez et al. 2008) was used for assembly. 
 
2.5.3.3. Computer resources and software 
Edena (Exact DE Novo Assembler) programme, version 2.1.1.1 for Windows (Hernandez et 
al. 2008), was downloaded from www.genomic.ch/edena (Genomic Research Laboratory, 
Geneva University Hospitals, Switzerland). Edena was run on an AMD Opteron CPU 2.8 GHz 
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2.6. Results 
 
2.6.1. Sizing of the R. rhodochrous ATCC BAA-870 genome using pulsed-
field gel electrophoresis (PFGE) 
 
The ideal restriction enzyme for sizing the genome should be specific for a recognition 
sequence which does not occur too often in the genome in order to obtain a small number 
of fragments which can be conveniently separated. Since the genome of BAA-870 is GC-rich, 
the restriction enzymes used should be AT-rich specific, contain nucleotide combinations 
which are relatively rare and be at least 6- or 8-bp cutters. The CTAG combination was found 
to be relatively rare in GC-rich bacteria (McClelland et al. 1987). For this reason, restriction 
enzymes containing the CTAG nucleotide combination were used. The restriction enzymes 
suitable for this purpose are severely limited, however, and only a few are commercially 
available. An initial PFGE experiment determined that HindIII was not suitable for size 
determination as it cut too often (left smeared DNA fragments, and too many small 
fragments which ran off the gel). The PFGE experiment was repeated without HindIII (Figure 
2.2). 
 
The restriction enzymes AseI, SspI and XbaI gave good ranges of DNA size fragments after 
restriction (Table 2.4), however, there were many small fragments which were slightly 
smeared and difficult to quantify. A different set of parameters is required to separate 
fragments optimally in the smaller size range. The presence of a ~450 kb DNA fragment with 
no enzyme treatment, in both PFGE experiments, suggests the organism harbours at least 
one extra-chromosomal plasmid. Additionally, this plasmid is presumed to be a linear 
plasmid, given that there is no evidence of the typical ‘tri-banded’ pattern of circular 
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Figure 2.2: PFGE of restricted DNA from R. rhodochrous ATCC BAA-870 and a comparative 
control, N. alkaliphilus. 
Pulse ramps were 40 – 55 s for 20 hours at 6 V/cm. Midrange PFG marker I (Bio-Rad) was used as a Kb size 
marker, with fragment sizes ranging from 1018.5 to 48.5 Kb. Restriction digestions no, Ase, Dra, SSp, Swa and 
Xba refer to the no digestion control, and digestions with AseI, DraI, SspI, SwaI and XbaI, respectively. 
 
DraI and SwaI gave similar digestion fragments sizes, despite their recognition sequences 
being different. Their total restriction fragment sizes are also similar at ~1.9 Mb. A 
successful PFGE genome sizing experiment should give total restriction fragment sizes of 
comparable values. The smallest size indicated by the restriction enzymes used is ~1.9 Mb 
with DraI and SwaI, but ~4.1 Mb using AseI. The total sizing is therefore not accurate using 
the current set of restriction enzymes, and a mean size cannot be determined. However, the 
experiment was a useful determinant of the presence of plasmids and set a lower limit on 
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Table 2.4: DNA fragment sizes of R. rhodochrous ATCC BAA-870 as determined by enzyme 
restriction and PFGE analysis 
Fragment size (kb) after digestion with: 
Fragment No enzyme AseI DraI SspI SwaI XbaI 
1 453 1033 1033 597
2
 1033 649 





3  610  296
2
  436 
4  578  232  285 
5  206
3
  206  202 
6  148  193  137
2
 
7  116  164  122 
8  30  84  107 
9  14  75
2
  89 
10    49  80
2
 
11    23  66
2
 
12      55
2
 
13      32 
Total 453 4134 1956 2819 1951 3105 
Bold numbers represent high intensity bands assumed to be doublets (superscript, 2) or triplets (superscript, 
3). 
 
Ideally, complete digestion of the genomic DNA plug should be achieved, as indicated by no 
presence of DNA staining in the well after the fragments are separated by pulsed field 
electrophoresis. This is noted in the digested DNA fragments for the sample N. alkaliphilus, 
used as a control, where the enzymes AseI, SspI, SwaI and XbaI have completely digested 
the DNA in the plugs which were inserted into the sample wells. This suggests that the BAA-
870 genome may not be entirely digestible by the restriction enzymes used, as the same 
concentration of DNA is present for samples N. alkaliphilus and BAA-870. The undigested 
genome material is proposed to be bigger than 1000 kb, making the lower size limit for the 
genome greater than 5.1 Mb. 
 
2.6.2. Taxonomy and lineage of R. rhodochrous ATCC BAA-870 
 
The 16S sequence of BAA-870 was compared with several other Rhodococcus 16S 
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Figure 2.3: Phylogenetic tree of Rhodococcus 16S sequences 
The figure was created using BioEdit sequence alignment Editor (Hall 1999) and ClustalW (Thompson et al. 
1994). The strain Ismall refers to R. rhodochrous ATCC BAA-870. 
 
 
2.6.3. Assembly of Solexa Illumina SRS data 
 
For a description on the use of the Edena programme to assemble short read sequences, 
and the overall assembly statistics for reads from R. rhodochrous BAA-870, refer to 
Appendix 7.2.3. Initial sequence assembly involved changing the contig minimum output 
size, the minimum sequence overlap length and adjusting the programme mode between 
strict and non-strict assembly to find the optimal sequence assembly parameters. The 
overall sequence assembly statistics for R. rhodochrous BAA-870 are shown in Table 2.5.  
 
A total of 5.65 Mbp of sequence was obtained from initial Illumina sequence reads (36 bp), 
with 4.27 Mbp assumed to be unique. In strict mode, the minimum contig size (m) that gave 
the highest N50 (2425) and percentage coverage (72.4 %), and the lowest number of contigs 
(4740), was 22 bp. The allowed minimum contig size was tested to compare the minimum 
number of base pairs that gave the optimum in non-strict mode. In non-strict mode, the 
minimum contig size that gave the highest N50 (5230) and percentage coverage (73.6 %), 
and the lowest number of contigs (2206), was 20 bp. Changing m to 18 bp made no 
difference to the data obtained since the default for the programme keeps the overlap 
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lowered to 16 to allow data generation at the lower values (Appendix 7.2.3). Overall, non-
strict mode gave a higher percentage of reads assembled than strict mode (73.6 % vs 72.4 
%), and a higher N50 value (5230 vs 2425). The lowest number of contigs was obtained 
using non-strict mode (2206 vs 4740). 
 
Table 2.5: Overall assembly statistics for Solexa Illumina sequence reads from R. 
rhodochrous BAA-870 
Fasta entries 5651222 bp 
Sequence discarded 7255 bp 
Sequence ok 5643967 bp 
Unique sequence 4273289 bp 
Reads length 36 bp 
No. of nodes 4273289 
No. of edges 4167859 
Minimum overlap size 20 bp 
 
In the case where the minimum overlap size in the overlap phase was changed to 16 bp with 
a minimum contig size of 19 for assembly, the smallest number of contigs obtained in this 
scenario was 2082, with an N50 value of 5540. In this case the percentage of reads 
assembled was 73.7 %. Overall assembly results should indicate whether all regions of the 
genome are represented if the reads are mapped against a reference genome sequence. 
Regions which appear to be weakly represented tend to contain long single base repeat 
sections which form secondary structures, as well as large complex moieties that do not 
replicate efficiently during sequencing steps. 
 
2.6.4. Apparent sequence coverage by Solexa Illumina sequencing 
 
After quality filtration of the Solexa sequencing output data using standard parameters was 
performed (Materials and Methods), a total of 5,643,967 reads, 36-bp in length were 
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2.6.4.1. Raw coverage depth 
The raw coverage depth is given by the number of unambiguous reads multiplied by the 
read length, divided by the reference genomic DNA size: 
 
(4.273 x 106 X (35)/ 5.643 x 106) 
 
The raw coverage depth is therefore 26.5X. 
 
The sequence coverage of the BAA-870 genome using initial Solexa Illumina sequencing is 
therefore 74%, with an apparent raw coverage depth of 27X, if the total genome size is 5.8 
Mbp. 
 
2.6.5. Paired-end sequencing and mate-paired assembly 
 
In order to improve the genome quality and coverage, the assemblies were subjected to a 
further round of sequencing by the so-called mate-paired assembly route, using general 
algorithm parameters (Table 2.6). After mate-paired sequencing and re-assembly, the final 
sequence coverage of the BAA-870 genome was 135X. 
 
Table 2.6: General algorithm parameters used for mate-paired assembly of both pre-
assembled data sets 
Parameter Value 
Minimal number of read pairs required to connect contigs 5 
Minimal number of overlapping nucleotides to merge contigs 15 
 
The statistical summary of scaffolded and quality filtered pre-assembled contigs produced 
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Table 2.7: SSPACE statistics of quality filtered sequence reads for two sets of mate-paired 
sequences 
 Data Set 2 
(Rdc_cap3_assembly.fa) 
Data Set 1 
(Edena Assembly; Contig.fa) 
 Count 
Inserted pairs 7 452 293 7 452 293 
Pairs containing N 19 583 19 583 
Remaining pairs 7 432 710 7 432 710 
Numbers of pairs used for 
scaffolding 
87 308 111 326 
Satisfied pairs 77 393 106 439 
Unsatisfied pairs 9 915 4 887 
 
Most of the filtered reads could successfully be assembled and yielded a number of scaffold 
sequences (Table 2.8). 
 
Table 2.8: Statistics summary of mate-paired data sets before (pre-assembled contigs) and 
after (scaffolds) mate-paired assembly 
 Data Set 2 
Rdc_cap3_assembly.fa 












1 549 774 4 701 3 335 
Sum (bp) 5 828 896 6 715 483 5 737 117 9 504 788 
Max sequence size 44 038  164 783 30 378 84 870 
Min sequence size 61 61 101 101 
Average sequence 
size 
3 763 8 676 1 220 2 850 
N50 6 874 40 260 2 427 11 904 
 
The scaffolded pre-assembled sequence data labelled ‘rdc_cap3_assembly.fa’ yielded a 
higher N50 value (40 260 as opposed to 11 904) with an average sequence size of 8 676 bp 
rather than 2 850 bp for ‘contig.fa’. However, scaffolding of the contig.fa data set, showed a 
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~6.7 Mbp. This shows the extreme differences that can be obtained in sequence summary 
information according to the method of pre-treatment of sequence data. 
 
The sequence library and assembly statistics are shown in Table 2.9 and Table 2.10 
respectively. 
 
Table 2.9: Sequence libraries statistics 
 Single 5kb-raw 
Read length 36 50 
# of Reads 5.651.222 14.904.586 
Total bp 203.443.992 745.229.300 




Table 2.10: Assembly statistics 
 IDBA assembly Filtering contigs  
>= 500 bp 
Scaffolded with 
SSPACE 
# of contigs 1199  861 257 
N50 (kb) 11.895 11.957 158.090 
Max contig (kb) 103.966 103.966 445.186 





The assembled genome sequence of R. rhodochrous ATCC BAA-870 was submitted to the 
Bacterial Annotation System web server, BASys (http://BASys.ca/BASys/cgi/submit.pl), for 
automated, in-depth annotation of the chromosomal sequence (Van Domselaar et al. 2005). 
The raw sequence data was submitted to the server which uses over 30 programs to identify 














Chapter Two: Sequencing the genome of R. rhodochrous 
function, possible paralogues and orthologues, molecular weight, isoelectric point, operon 
structure, subcellular localization, signal peptides, transmembrane regions, reactions, and 
pathways. The BASys annotation was done for R. rhodochrous ATCC BAA-870 raw sequence 
data with a genome length of 5 828 896 bp length, in which 7000 genes were identified and 
6999 genes annotated (Figure 2.4). The output data was obtained from the generated 
hyperlink for the project, and used to construct images of the annotation summaries and 
details. 
 
COG functional protein categories (Clusters of Orthologous Groups of proteins) are based on 
phylogenetoc clusters of proteins from complete genomes. COGs were delineated by 
comparing protein sequences encoded in complete genomes representing major 
phylogenetic lineages. Each COG consists of individual proteins or groups of paralogs from 
at least 3 lineages and thus corresponds to an ancient conserved domain (Tatusov et al. 
1997; Tatusov et al. 2003). The COG function and identity assigned to proteins from the 
BASys annotation is transitively applied from a similarity Basic Local Alignment Search Tool 
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Figure 2.4: BASys bacterial annotation view of the genome of R. rhodochrous ATCC BAA-870. 
The reverse and forward protein and RNA coding strands are shown, and annotated genes are grouped according to function. The region between 4800 Kbp and 5800 
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2.7. The genome content and protein complement of R. rhodochrous 
ATCC BAA-870  
 
2.7.1. Protein coding sequences 
 
The genomic content of BAA-870 is outlined in Table 2.11 and compared to other 
rhodococcal genomes. BAA-870 contains 6997 predicted protein-coding sequences (CDS). Of 
this 0.9% encodes proteins of unknown function. There are 318 conserved hypothetical 
proteins and 604 hypothetical proteins (Figure 2.5). Additionally, 49 proteins belong to 
known protein families, but their function is unknown. In total, 971 genes (13.8% of the 
genome) have hypothetical or unknown function. 
 
The sequenced genomes of various rhodococcal strains show a large difference in genome 
size. The genome of RHA1, 9.7 Mbp, is the biggest rhodococcal genome sequenced to date. 
The pathogenic R. equi genomes are the smallest at ~5-5.3 Mbp. The apparent genome size 
of R. rhodochrous ATCC BAA-870, 5.83 Mbp, is comparable to other rhodococcal genomes. 
All Rhodococcus have a high GC content, ranging from 62 – 68%. RHA1 has the lowest % 
coding DNA (87%), which is predictable given its large overall genome size. 
 
Annotation of the protein complement of the genome is done by BLAST match to known 
sequences in the NCBI database. A large proportion of genes are labelled ‘hypothetical’ 
based on sequence similarity and/or the presence of known signature sequences of protein 
families. The proportions of hypothetical and predicted annotations of the proteins in BAA-
870 are shown in Figure 2.5. A predicted protein is one which has no match to similar 
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R. jostii RHA1 2006 
Genome British 
Columbia, Vancouver 
McLeod et al. 2006 7.8 
1,123,075; 
442,536; 332,361 





National Institute of 
Technology and 
Evaluation, Japan 
Sekine et al. 2006 6.5 
271,577; 104,014; 
3,637 
6.5 62 91 6030 
R. opacus B4 2009 
National Institute of 
Technology and 
Evaluation, Japan 




7.9 67 91 7246 
R. erythropolis 
SK121 
2009 J. Craig Venter Institute Not published 6.79 None determined 6.79 62 91 6713 




Letek et al. 2008; 
2010 
5.04 None determined 5.04 68 90 4512 
R. equi ATCC 
33707 
2010 
BCM (Baylor College of 
Medicine), Texas 











of Technology and The 
Broad Institute 
Holder et al. 2011 
(not submitted to the 
NCBI Genome 
database) 
- - - - - - 
#
Date completed refers to genome sequence completion; plasmids may have been completed at another time. Total genome size comprises the chromosome and the 
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Figure 2.5: Proportions of unknown, predicted and hypothetical annotations of the 
genome of R. rhodochrous ATCC BAA-870. 
The proportions of non-specific annotations in the genome (based on a total of 1083 proteins annotated with 
hypothetical or unknown function). 
 
2.7.2. Transcriptional control 
 
Transcriptional regulatory elements in BAA-870 include 29 sigma factors and at least 106 
genes involved in signal transduction mechanisms, 242 genes encoding transcriptional 
regulators and 63 genes encoding two-component signal transduction systems. 
Streptomycetes of similar genome size have significantly more, presumably because if their 
sporulation capacity. There are 119 proteins implicated in translation, ribosomal structure 
and biogenesis. 
 
The genome encodes all ribosomal proteins, with the exception of S21, as in other 
actinomycetes (Table 2.12). There is no rhodococcal ribosome reference in the Ribosomal 
Protein Gene database, http://ribosome.miyazaki-med.ac.jp (Nakao et al. 2004). The 52 















Chapter Two: Sequencing the genome of R. rhodochrous 
Table 2.12: List of ribosomal proteins found in the genome of R. rhodochrous ATCC BAA-
870 
Ribosome subunit proteins associated 
50S L1, L2, L3, L4, L5, L6, L9, L10, L11, L12P, L13 (2), L14, L15, L16, L17, L18, 
L19, L20, L21, L22, L23, L24, L25, L27, L28, L29 (2), L30, L31, L31 type B, 
L32, L33 (2), L34, L35 
L6P/L9E 
30S S1, S2, S3, S4, S5, S6, S7, S8, S9, S10, S11, S12, S13, S14, S15, S16, S17, S18 
(2), S19, S20* 
S15P/S13E 
*In the E. coli ribosome complement, one protein is found in both subunits (S20 and L26); L7 and L12 are 
acetylated and methylated forms of the same protein. L8 is a complex of L7/L12 and L10; L31 can exist in two 
forms (7.9 and 7 kDa). 
 
The average GC% of the coding sequence of R. rhodochrous ATCC BAA-870 is 67.46%. The 
sliding nucleotide composition, or AT/GC fraction across the length of the genome, and 
direct and reverse strand nucleotide composition of the genome of R. rhodochrous ATCC 
BAA-870 is shown in Appendix 7.2.1 and 7.2.2 respectively. 
 
The majority of the proteins in BAA-870 are between 100 and 400 amino acids in length 
(Figure 2.6). The amino acid composition of proteins making up the protein complement in 
R. rhodochrous ATCC BAA-870 is shown in Figure 2.7. The average protein lengths of the 
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Figure 2.6: Protein lengths for R. rhodochrous ATCC BAA-870. 
Each bar represents the fraction of the total protein sequences that have a length less than or equal to the 
given value, except for the last bar, which represents the fraction of the total sequences that are longer than 
the given length. 
 
 
Figure 2.7: Relative proportions of R. rhodochrous ATCC BAA-870 protein amino acids. 
Amino acid composition values were extracted from the BASys annotation obtained from NCBI. The standard 
one letter codes are used for amino acid residues.  I, V, L = aliphatic; F, Y, W = aromatic. D, E = negative. K, H, R 
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Figure 2.8: Fractions of protein function for R. rhodochrous ATCC BAA-870 according to 
known functional categories. 
Unknown proteins form the majority (54.3 %) of proteins in the annotated genome. Letters refer to COG 
functional categories. C - Energy production and conversion; D – Cell division and chromosome partitioning; E - 
Amino acid transport and metabolism; F - Nucleotide transport and metabolism; G - Carbohydrate transport 
and metabolism; H - Coenzyme metabolism; I - Lipid metabolism;- Translation, ribosomal structure and 
biogenesis; K - Transcription; L - DNA replication, recombination and repair; M - Cell envelope biogenesis, outer 
membrane; N – Cell motility; O - Posttranslational modification, protein turnover, chaperones; P - Inorganic ion 
transport and metabolism; Q - Secondary metabolites biosynthesis, transport and catabolism; R - General 
function prediction only; S - COG of unknown function; T - Signal transduction mechanisms. 
 
2.7.3. Subcellular localisation 
 
The relative distribution of proteins in BAA-870 is given in Figure 2.9. The majority of 
proteins are located in the cytoplasm (83.5%), while proteins located at the cellular 
membrane make up 15.4% of the total. The cytoplasmic proteins can be further subdivided 
into locations, including nucleoid or cell division sites, and proteins with shared periplasmic 
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Figure 2.9: Overall protein location for R. rhodochrous ATCC BAA-870. 
Cytoplasm proteins include potential and probable cytoplasm proteins, and those secreted into the cytoplasm. 




Figure 2.10: The ratio of cytoplasmic proteins in R. rhodochrous ATCC BAA-870. 
[H]: Homology to a SwissProt Entry and [C]: homology to a CyberCell entry, as inferred by BASys annotation. 
 
The fate of a membrane protein is more complicated with many potential locations and 
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molecules into and out of the cell. The proportions of cell membrane protein locations is 
shown in Figure 2.11. 
 
 
Figure 2.11: The fates of membrane proteins in R. rhodochrous ATCC BAA-870. 
Proteins labeled probable and potential are included in their respective groups for clarity. 
 
Cell membrane proteins include proteins which form part of lipid anchors, peripheral and 
integral cell membrane components, and proteins with single or multiple pass functions. Of 
the membrane proteins in BAA-870, 41% constitute regular membrane proteins, while 31% 
are multi-pass membrane proteins. 
 
In BASys, the cell location is transitively applied from a similarity protein-protein BLAST 
(BLASTp) search of the translated query sequence against the SwissProt database (Altschul 
et al. 1990), if the SwissProt record contains subcellular location information. If there is no 
hit to SwissProt, or the SwissProt record does not contain subcellular location information, 
then BASys performs a keyword search on the Gene Ontology (GO) field. If the GO process, 
function or component show hydrolase activity, ribonuclease activity, nucleic acid binding or 
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the protein name is associated with transcriptional activity then the cell location is assigned 
cytoplasmic. If a subcellular location fails to be assigned using these searches, 
transmembrane region annotations are checked for an existing sequence match and 
assigned membrane. If the afore mentioned searches do not give a match, the subcellular 
location is predicted using the program PSORT-B version 2.0 (Gromiha and Selvaraj 1998), 
and if none of the searches match the protein is presumed to be cytoplasmic based on the 
observation that roughly 80% of all prokaryotic proteins are cytoplasmic. For further break 




A total 1382 genes are implicated with transport. Numerous components of the ubiquitous 
transporter families, the ATP-Binding Cassette (ABC) superfamily and the Major Facilitator 
Superfamily (MFS), are present in BAA-870. MFS transporters are single-polypeptide 
secondary carriers capable only of transporting small solutes in response to chemiosmotic 
ion gradients (Pao et al. 1998; Walmsley et al. 1998). BAA-870 has 84 members of the MF 
Superfamily, mostly from the phthalate permease and sugar transporter families. There are 
dozens of families within the ABC superfamily, and each family generally correlates with 
substrate specificity. BAA-870 transporters include at least 93 members of the ABC 
superfamily, which includes both uptake and efflux transport systems. 
 
Out of 3071 genes assigned a COG function, 1361 (44.3%) are associated with transport. 
These include 178 carbohydrate, 237 amino acid, 105 coenzyme, 217 inorganic ion, 402 lipid 
and 48 nucleotide transport and metabolism gene functions, and 174 secondary metabolite 




The central metabolism of BAA-870 includes glycolysis, gluconeogenesis, the pentose 
phosphate pathway, and the tricarboxylic acid (TCA) cycle, a typical metabolic pathway for 
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Doudoroff pathway (which requires 6-phosphogluconate dehydrase and 2-keto-3-
deoxyphosphogluconate aldolase to create pyruvates from glucose). The Entner-Doudoroff 
pathway is, however, rare for Gram positive organisms which preferably use glycolysis for a 
richer ATP source, and there is no evidence of this pathway existing in BAA-870. 
 
The complete biosynthetic pathways for all nucleotides, nucleosides and natural amino acids 
are also contained in the genome of BAA-870. For RHA1, oxidoreductases (1085) and ligases 
(192) disproportionately represent the major enzyme classes, and within the 
oxidoreductases the EC classes 1.1.-.-, 1.3.-.-, 1.13.-.-, and 1.14.-.-, (all oxygenases) are 
overrepresented. RHA1 has 203 oxygenases, including 19 cyclohexanone monooxygenases 
(EC 1.14.13.22). BAA-870 does not seem to possess a cyclohexanone monooxygenase, 
however, it does have two phenol 2-monooxygenases (EC 1.14.13.7), a methane 
monooxygenase (EC 1.14.13.25), three vanillate monooxygenases (EC 1.14.13.82), a 
precorrin-3B synthase (EC 1.14.13.83) and five phenylacetone monooxygenases (EC 
1.14.13.92). Out of a total of 6874 genes annotated using BASys, 1342 genes were assigned 
an EC number. The proportions of assigned enzymes belonging to the six enzyme classes are 
shown in Figure 2.12. 
 
In BAA-870 there are 501 oxidoreductases (37% of the enzymes). The oxidoreductases also 
comprise the major enzyme class; however, ligases (121) are not overrepresented. The 
oxidoreductases and transferases together make up 62% of the enzyme class fraction of 
BAA-870. BAA-870 has 59 annotated oxygenases, but the EC classification suggests there are 
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Figure 2.12: Assignment of enzyme class numbers to annotated genes in R. rhodochrous 
ATCC BAA-870. 
EC numbers are transitively applied from a similarity (BLASTP) search of the translated query sequence against 
the translated KEGG GENES database of bacterial genomes (Kanehisa et al. 2004). 
 
EC 1, oxidoreductases, make up the major enzyme class (37%), followed by EC 2 transferases 
(25%), and EC 3 hydrolases (17%). EC 4 and 6, lyases and ligases, both contribute 9% of the 
enzyme classes, while the EC 5 isomerases are the least at 3% of the total. RHA1 is similarly 
most rich in oxygenases, followed by transferases and hydrolases, with oxidoreductases 
making up 11.8% of the total protein coding sequence. The proportions of oxidoreductases, 
transferases, hydrolases, lyases, isomerases and ligases are not necessarily related to 
genome size and can be disproportionately represented between related bacteria. While the 
enzyme class profiles are similar for the Rhodoccoccus strains BAA-870 and RHA1, other 
ecologically and phylogenetically related bacteria have very different enzyme class profiles. 
In some M. tuberculosis strains, for example, ligases are the predominant enzyme class, 
while for B. xenovorans LB400 (which occupies a similar ecological niche to RHA1), 
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The number of cytochrome P450s in RHA1, 25, is typical of actinomycetes. There are 17 
cytochrome P450s in ATCC BAA-870, which mirrors the smaller genome size and their 
prevalence reflects a fundamental aspect of rhodococcal physiology. RHA1 has a limited 
ability to grow on linear alkanes, and the predicted monooxygenases able to transform such 
compounds are few. Similarly, ATCC BAA-870 has one annotated monooxygenase but 46 
annotated dioxygenases (59 oxygenases in total). It is unclear which oxygenases in BAA-870 
are catabolic and which are involved in secondary metabolism, but their abundance is 
consistent with BAA-870’s ability to degrade an exceptional range of aromatic compounds 
(oxygenases catalyse the hydroxylation and cleavage of these compounds). Their prevalence 
reflects a fundamental aspect of BAA-870’s, and perhaps other, rhodococcal physiology. 
 
 
2.7.6. Secondary metabolism 
 
The analysis of the RHA1 genome by McLeod et al. suggested that Rhodococci harbour an 
extensive secondary metabolism. RHA1 contains 24 non ribosomal peptide synthase genes, 
six of which exceed 25 kbp, and seven polyketide synthase genes (McLeod et al. 2006). 
Environmental isolates, and particularly actinomycetes, contain high numbers of such 
secondary metabolic genes, which are involved in biosynthesis of siderophores, cell 
signalling molecules and antibiotics. However, for RHA1, the relatively high numbers of these 
genes was surprising given that only one secondary metabolite has actually been reported 
for a Rhodococcus. A unique mixed-type catecholate-hydroxamate siderophore, rhodochelin, 
has been isolated from Rhodococcus jostii RHA1 (Bosello et al. 2011; Bosello et al. 2012). 
Rhodochelin was revealed to be a tetrapeptide that contains an unusual ester bond between 
an L-δ-N-formyl-δ-N-hydroxyornithine moiety and the side chain of a threonine residue. The 
numbers of secondary metabolite genes for BAA-870 are comparably high and consistent 
with those found in RHA1. 
 
Evidence of an extensive secondary metabolism in Rhodococcus ATCC BAA-870 is supported 
by the presence of several genes implicated in secondary metabolite biosynthesis, transport 
and catabolism. The ATCC BAA-870 genome has 4 polyketide synthase genes, and 4 
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biosynthesis. A total of 23 non ribosomal peptide synthase genes implicated in secondary 
metabolite synthesis can be found in ATCC BAA-870 (all located in the cytoplasm), and unlike 
the majority of those from RHA1, all are translated into predicted proteins of >25 kbp. Other 
secondary metabolite genes found in ATCC BAA-870 include a dihydroxybenzoic acid-
activating enzyme (2,3-dihydroxybenzoate-AMP ligase), bacitracin synthase 3, four 
enterobactin synthase component F genes, ten linear gramicidin synthase subunit C genes, 
and one tyrocidine synthase 3. The 2,3-Dihydroxybenzoate-AMP ligase activates the 
carboxylate group of 2,3-dihydroxy-benzoate (DHB), via ATP-dependent PPi exchange 
reactions, to the acyladenylate. Bacitracin synthase induces peptide synthesis, activates and 
incorporates five amino acids, forms a thiazoline ring between the first two amino acids and 
incorporates a D-glutamine in the fourth position. The linear gramicidin synthase activates 
the 13th to the 16th (Trp, D-Leu, Trp and Gly) amino acids in linear gramicidin and catalyzes 
the formation of the peptide bond between them. This enzyme is also responsible for the 
epimerization of the 14th (D-Leu) amino acid. It also catalyzes the NAD(P)H-dependent 
reduction of the C-terminal glycine residue of the N-formylated 16-mer peptide, that binds 
to the peptidyl carrier domain of the terminal module of this protein, to form a peptidyl-
aldehyde intermediate that is released from the enzyme complex. Tyrocidine A incorporates 
six amino acids, Asn, Gln, Tyr, Val, Orn, and Leu, in their L-configuration into the peptide 
product. These genes, along with the high number of transporters potentially involved in 
drug export, suggest that Rhodococci contain an extensive secondary metabolism. 
 
2.7.7. Aromatic Catabolism 
 
The RHA1 genome is suggested to encode at least 26 peripheral aromatic pathways and 8 
central aromatic pathways. As deduced from the better characterized pseudomonads 
(Jiménez et al. 2004), a large number of ‘peripheral aromatic’ pathways funnel a broad range 
of natural and xenobiotic compounds into a restricted number of ‘central aromatic’ 
pathways. 
 
Analysis of the catabolic potential of BAA-870 against a wide range of compounds suggested 
that the organism also hosted a number of central and peripheral catabolic pathways for the 
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suggest that at least four major pathways exist for the catabolism of central aromatic 
intermediates, comparable to the well-defined aromatic metabolism of Pseudomonas putida 
KT2440 strain (Jiménez et al. 2002). The central aromatic beta-ketoadipate pathway contains 
the protocatechuate (pca genes), and catechol (cat genes) branches, and the homogentisate 
(hmg/fah/mai genes) and the phenylacetate (pha genes) pathway. Peripheral catabolism 
pathways include genes encoding the catabolism of p-hydroxybenzoate (pob), benzoate 
(ben), quinate (qui), phenylpropenoid compounds (fcs, ech, vdh, cal, van, acd and acs), 
phenylalanine and tyrosine (phh, hpd) and n-phenylalkanoic acids (fad). Peripheral and 
central aromatic catabolism pathways (Table 2.13), unlike the characterized Pseudomonad 
pathways (Jiménez et al. 2004), are not well defined in Rhodococcus. BAA-870 may therefore 
serve as a model system for studying the genetic, biochemical and ecological aspects of the 
catabolism of aromatic compounds, and also facilitate the rational manipulation of the strain 
for improving biodegradation and biotransformation processes. 
 
Table 2.13: Central and peripheral aromatic catabolism pathway genes encoded by the 























Plays an essential role in the 
utilization of numerous aromatic 
and hydroaromatic compounds via 






cat catD, catI, 
catJ 
3-oxoadipate enol-lactonase 2 
(Beta-ketoadipate enol-lactone 
hydrolase II); 3-oxoadipate CoA-
transferase subunit A and B 
 
  cbdA 2-halobenzoate 1,2-dioxygenase 
(2-chlorobenzoate 1,2-
dioxygenase) 
Component of the 2-halobenzoate 
dioxygenase multicomponent 
enzyme system; catalyzes the 
incorporation of both atoms of 
molecular oxygen into 2-





hmg hmgA Homogentisate 1,2-dioxygenase 
(Homogentisic acid oxidase; 
Homogentisicase) 
Implicated in secondary metabolite 






pha hpaB 4-hydroxyphenylacetate 3-
monooxygenase 
(4-HPA 3-hydroxylase) 
Utilizes FADH2 supplied by hpaC 
or another flavin reductase, to 
catalyze the hydroxylation of 4-
hydroxyphenylacetic acid, leading 
to the production of 3,4-DHPA. 
Can also oxidize phenol to 
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phenol derivatives 







The dioxygenase degrades 
exclusively diarylether compounds 
having carboxyl groups in the 3- or 
4-position. Yields a hemiacetal that 
spontaneously hydrolyzes to 
phenol and protocatechuate 




subunit alpha and beta; 
Benzoate transport protein 
Degradation of benzoate to 2-
hydro-1,2-dihydroxybenzoate; 
benK: probable uptake of benzoate 





dehydroquinate synthase and 
dehydratase; Shikimate 
dehydrogenase 
Aromatic amino acids biosynthesis, 
shikimate pathway; aroQ catalyzes 









Probable enoyl-CoA hydratase 
echA6, echA8, echA12, echA14 
and echA17 
Could possibly oxidize fatty acids 
using specific components 
 vdh vdh, ValDH Vitamin D3 25-hydroxylase; 
Valine dehydrogenase 
Hydroxylates vitamin D3 into 25-
hydroxyvitamin D3 and 1-alpha,25-
dihydroxyvitamin D3; Oxidative 
deamination of branched-chain 
amino acids 









function unknown, reductase 
implicated in energy production 
and conversion 
 acd acdA Acyl-CoA dehydrogenase Involved in the degradation of long-
chain fatty acids 
 acs acsA, 
acsA1 
Acetyl-coenzyme A synthetase; 
Acetoacetyl-coenzyme A 
synthetase 
Enables the cell to use acetate 
during aerobic growth alternate to 
the TCA cycle; Involved in poly-3-
hydroxybutyrate degradation. 



















CoA dehydrogenase, various 
long and short chain fatty acid 





Various roles in fatty acid oxidation 
and esterification, role in 
autotrophic carbon fixation via the 
3-hydroxypropionate/4-
hydroxybutyrate cycle. Catalyzes 
the reversible dehydration of 3-
hydroxypropionyl-CoA to form 
acryloyl-CoA, reversible 
dehydration of (S)-3-
hydroxybutyryl-CoA to form 
crotonyl-CoA. Esterification Of 
Exogenous Long-Chain Fatty 
Acids Into Metabolically Active 
CoA Thioesters. Reduction of a 
range of alternative electron 
acceptors 
1-4
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2.8. Nitrile converting enzymes in rhodococcal genomes 
 
The locations and numbers of nitrile converting enzymes in the available genomes of 
Rhodococcus were identified. 
 
 
2.8.1. Nitrile converting enzymes in known rhodococcal genomes, and 
comparison of chromosomal size and organisation 
 
BAA-870 was isolated on a nitrile as the sole source of nitrogen (Brady et al. 2004b) and was 
determined to have nitrile hydrolysis capabilities. However, the genes responsible for the 
conversions were not known. Now, with the sequence of the BAA-870 genome available, it is 
evident that there is one nitrilase and one nitrile hydratase, numerous amidases, and a 
number of regulator elements. The specific open reading frames of nitrile converting 
enzymes and related regulators and activators found in the BAA-870 genome are 
summarised in Table 2.14 This result and the nitrile converting enzymes from other 
sequenced rhodococcal genomes is compared in Table 2.15.  
 
Table 2.14: Nitrile converting enzymes in R. rhodochrous ATCC BAA-870 






beta subunit homolog 
Nitrile hydratase 
regulators/activators 
regulator 2 (nhr2) 
putative regulator 1 
putative regulator 1 
activator 
Amidase 8 putative amidases 
Amidase (amdA) 
Amidase regulators putative substrates transport protein (amiS) 














Chapter Two: Sequencing the genome of R. rhodochrous 
Table 2.15: Comparison of Nitrile converting enzymes in Rhodococcus species 








1 1 4 9 2 
R. erythropolis 
PR4 
0 1 4 9 3 
R. jostii RHA1 5 2 - 
12 
2 on plasmids 
- 
R. opacus B4 3 2 - 14 - 
R. equi 103S 0 2 - 41 - 
R. equi ATCC 
33707 
0 2 0 12  
R. erythropolis 
SK121 
4 2 0 8  
 
None of the nitrile converting enzymes in R. erythropolis PR4 are located in plasmids (Sekine 
et al. 2006). Despite the slightly bigger genome size (6.5 Mbp) the numbers of nitrile 
hydratases (1), NHase regulators (4), amidases (9) and amidase-associated regulators (3) are 
similar to the numbers for BAA-870. The bigger R. jostii RHA1 genome (7.8 Mbp excluding 
plasmid sequence) contains more nitrilases (6), and in addition to NHase, a few other NHase 
related enzymes. However, surprisingly, no NHase regulators are annotated. The RHA1 
genome contains an abundance of amidases (amiA E.C. 3.5.1.4, 9 probable amidases, 11 
possible and putative amidases, 2 possible aliphatic amidases, 2 aliphatic amidases, 1 
probable formamidase and 1 N-acetylmuramoyl-L-alanine amidase) but also no associated 
amidase regulators have been annotated (McLeod et al. 2006). Plasmids pRHL1 and pRHL2 
contain amidases, a hypothetical amidase and an amiE (E. C. 3.5.1.4) respectively. The RHA1 
genome plasmids are the only plasmids in the Rhodococcus genomes sequenced to contain 
amidases. 
 
The 7.9 Mbp genome of R. opacus B4 contains 3 nitrilases, 1 NHase and also an abundance 
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acetylmuramoyl-L-alanine amidases, as well as multiple putative amidases). None of the 
nitrile-converting enzymes in R. opacus B4 are found on plasmids. 
 
The two sequenced R. equi genomes each have 2 nitrile hydratases, with multiple amidases. 
The R. equi genomes have no nitrilases and no NHase activators and regulators. R. equi 103S 
has multiple amidases, consisting of AmdA amidases, putative amidases and 2 mycothiol-s-
conjugate amidases, 4 N-acetylmuramoyl-L-alanine amidases and 1 aliphatic amidase (Letek 
et al. 2008 and 2010). Similarly, the R. equi ATCC 33707 genome contains 2 aliphatic 
amidases, 12 amidases, 2 mycothiol-s-conjugate amidases, 3 N-acetylmuramoyl-L-alanine 
amidases and 3 N-carbamoyl-putrescine amidases (not published). The unpublished R. 
erythropolis SK121 genome has 4 nitrilases, 2 NHases and a total of 16 amidases, including 2 
N-acetylmuramoyl-L-alanine amidases and 2 mycothiol-s-conjugate amidases. 
 
It is interesting that the genome of R. opacus B4 contains fewer amidases than the genome 
of R. equi 103S. The size and structure of the two genomes differ considerably: R. opacus B4, 
an ‘environmental’ Rhodococcus, has a covalently closed genome of 7.9 Mbp whereas the 
pathogenic R. equi 103S has a much smaller, linear 5.04 Mbp genome. The two very different 
host environments clearly have influenced their genomes: It has to be noted that R. opacus 
B4 was originally isolated from gasoline-contaminated soil and specifically cultured for its 
tolerance to hydrocarbons and organic solvents (Na et al. 2005). On the other hand, R. equi 
grows preferably in the intestine of the host animal (where it parasitizes macrophages) and 
in manure-rich soil. R. equi 103S, both a soil saprotroph and an intracellular parasite, has 
maintained a niche-adapted genome unlike the large and diverse genome typical of a soil 
Rhodococcus such as R. opacus B4. 
 
As recently as 2010, the 103S genome was extensively studied and the genome reported in 
great detail (Letek et al. 2010). No genes with an obvious role in carbohydrate transport 
were identified in 103S (Letek et al. 2010), consistent with the reported inability of R. equi to 
utilize sugars (Bochner 2009; Quinn et al. 1994). By contrast, R. opacus B4 can grow on 
carbohydrates (Zaitsev et al. 1995) and the genome encodes multiple sugar transporters. 
The only carbon sources used by R. equi 103S were shown to be organic acids and fatty acids 
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equi seems to assimilate carbon principally through lipid metabolism. Their highly different 
environmental tolerances are therefore clearly reflected in their adapted metabolisms. More 
specifically, pathogenic R. equi grows in acidic host habitats such as the macrophage vacuole 
(with a pH ≤ 5.5), and the airways or the intestine of horse (with typical pH values of ~5.5 
and ~6.5, respectively (Duz et al. 2009; Miyaji et al. 2008). It is suggested that multiple 
amidases may support the bacterium living in an acidic environment through the release of 
ammonia (van Vliet et al. 2003). 
 
 
2.9. Evolutionary aspects of the genome 
 
2.9.1. Horizontal gene transfer 
 
RHA1 has primarily appeared to have gained its large genome and diverse metabolic 
capacity through ancient gene duplications and acquisitions. The chromosome has 
undergone relatively little recent genetic flux as supported by the presence of only two 
intact insertion sequences, relatively few transposase genes, and only one identified 
pseudogene. The ATCC BAA-870 genome contains 16 transposase and inactivated derivative 
genes, one of which is from the IS30 family, a ubiquitous mobile insertion element in 
prokaryotic genomes. 
 
2.9.2. Evolutionary divergence and Specialization 
 
The similarity of BAA-870 with M. tuberculosis may provide insights into the slow growing 
pathogen. Conserved genes of particular interest include transporters, regulators, catabolic 
enzymes, cell-wall proteins and 623 proteins of unknown function. Shared transporters 
include those encoded by the mammalian cell entry (mce) genes: both M. tuberculosis and R. 
rhodochrous RHA1 have four mce gene clusters. BAA-870 has seven mce gene clusters, 
including an extended mce gene cluster. In M. tuberculosis, MCE proteins are critical 
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M. tuberculosis and ATCC BAA-870 also share cell-wall proteins, regulators, and steroid 
catabolic genes (Yam et al. 2010), some of which are required for growth of M. tuberculosis 
in the macrophage. 
 
The largest complete microbial genomes are soil heterotrophs. The complexity of soil is a 
result of soil biogenesis and decomposition, and the wide range of compounds produced by 
plants. Microbes are successfully competitive if they have the ability to use diverse 
compounds simultaneously, and this is likely the underlying cause of selective pressure to 
keep large genomes with numerous paralogous genes. The large genome of RHA1 is 
suggested to be the source of strength of catabolic diversity displayed by the organism, 
which has evolved primarily through ancient acquisition and duplication processes, since 
there is no evidence of recent gene duplication and it’s genome is considered stable 
(McLeod et al. 2006). 
 
The genome size and catabolic diversity of Burkholderia xenovorans LB400 is comparable to 
that of RHA1 (Novo et al. 2003). A comparison of the two genomes revealed that ecologically 
similar bacteria are able to evolve large genomes by different means. RHA1 was shown by 
different analyses that it has acquired fewer genes by horizontal transfer than the similarly 
sized LB400 genome, as well as most bacteria characterised to date (McLeod et al. 2006). 
RHA1 appears to have evolved its large genome for simultaneous catabolism of diverse 
compounds in an oxygen rich environment. 
 
The smaller ~5Mb genomes of the R. equi species, compared to the BAA-870 and RHA1 
environmental species, are not due to reductive evolutions, but rather due to genome 
expansion in non-pathogenic species, adapted for host colonisation and competition in a 
fatty acid-rich intestine of the herbivore host. Many of the potential virulence-associated 
genes identified in R. equi are conserved in environmental Rhodococci or have homologs in 
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2.10. Identification of future gene targets for biocatalysis applications 
 
Surprisingly, despite the benefits of biocatalysis highlighted, only an estimated 150 
biocatalytic processes are currently being applied in industry (Panke and Wubbolts 2005; 
Zheng and Xu 2011). In addition to the array of biocatalytic enzymes which the analysis of a 
genome can provide, sequence information is also drastically increasing the scope of novel 
antibacterial targets. Previously, antibiotic discovery primarily focused on the improvement 
of existing classes of antimicrobial agents which had a limited set of targets, and these 
targets were mostly aimed at homologs of E. coli. Novel bacterial targets and new classes of 
antibiotics will be increasingly sought after as the emergence of resistant pathogens 
continues to rise. A review by Payne et al. demonstrated the use of genomics in facilitating 
characterisation of new antimicrobial targets (Payne et al. 2000). New drug discovery 
approaches facilitated by the analysis of genomes is being increasingly highlighted, and 
several reviews and articles on the genomics-based approach to drug discovery are available 
(Amini and Tavazoie 2011; Barrett 2007; Chalker and Lunsford 2002; Payne et al. 2001; Pucci 
2006; Winter et al. 2011). Novel antibiotic target areas commonly highlighted include 
pathways involved in fatty acid biosynthesis, chorismate biosynthesis, and particularly the 
range of enzyme targets given by tRNA synthetases and those involved in two-component 
signal transduction systems. Table 2.16 highlights some of these targets which are found in 
the genome of BAA-870, and their possible uses in biotechnology. The ‘reverse-genetics’ 
approach to identifying novel enzymes, and genome mining of sequence information 
provides a fast and economical way to select activities of interest. For example, there are at 
least 35 and 23 various esterases and lipases in the genome of BAA-870, enzymes with 
immense potential for applications in industry. Rhodococcal genomes are important models 
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Table 2.16: Identification of enzymes of biocatalytic interest in R. rhodochrous ATCC BAA-870 




Flavoprotein that catalyses a wide range of oxidative 
reactions, including enantioselective Baeyer-Villiger 
reactions (Stewart 1998), sulfoxidations (Chen et al. 1999), 
amine oxidations (Ottolina et al. 1999) and epoxidations 
(Colonna et al. 2002) 
Baeyer-Villiger oxidation of a variety of cyclic ketones into 
lactones; Two rhodococcal CHMO crystal structures were 
used by Mirza et al. to elucidate the enzyme mechanism 
and study the adjustable substrate binding pocket which 





Degradation of substituted aromatics, thiocarbamates and 
atrazine. Oxidation of a diverse range of organic 
compounds, including lipids, steroidal hormones and 
xenobiotics. Oxidation of difficult targets and catalyzes the 
insertion of oxygen into non-activated C-H bonds 
Cytochrome P450 BM3 (CYP102A1) from the soil bacterium 
Bacillus megaterium catalyzes the NADPH-dependent 
hydroxylation of several long-chain fatty acids at the ω–1 
through ω–3 positions (Fulco and Ruettinger 1987). 
Asymmetric sulfoxidation has been demonstrated by a 
Rhodococcus sp. (Zhang et al. 2010a). Uses in chemistry due 
to direct hydroxylation of aliphatic or aromatic C–H bonds 
(Chefson and Auclair 2006), activity on organic/ ionic 
solvents (Chefson and Auclair 2007), and replacement of 








3-Dehydroquinate dehydratase (Type II DHQase) and 3-
dehydroquinase (Type I DHQase), chorismate synthase and 
isochorismate synthase 
Potential targets for anti-bacterial, anti-fungal and anti-
parasitic drugs 
Various 
Shikimate kinase Phosphotransferase, produces shikimate-3-phosphate from 
shikimate, specifically transfers phosphorus-containing 
groups with an alcohol group as acceptor; catalyses the fifth 
step in the  biosynthesis of aromatic amino acids from 
chorismate 
Aromatic amino acid biosynthesis EC 2.7.1.71 
Shikimate 
dehydrogenase 
Oxidoreductase, reduces dehydroquinase to shikimic acid 
(shikimate); acts on the CH-OH group of donor with NAD+ 
or NADP+ as acceptor 
Enantiomeric conversion of racemic substrate analogues of 



















Catalyzes the reduction of a variety of aldehydes and 
carbonyls, including monosaccharides. Broad substrate 
specificity for both hydrophilic and hydrophobic aldehydes. 
Primarily known for catalyzing the reduction of glucose to 
sorbitol. 
Inhibitors of aldose reductase are a target for treatment of 
diabetic neuropathy (Várkonyi and Kempler 2008). Enzymes 
used as bio-reducing agents in the synthesis of chiral 




A zinc flavoprotein (FAD). Acts on a variety of (R)-2-hydroxy 
acids 
P. vulgaris and P. stutzeri (Hao et al. 2007) used in pyruvate 




Catalyzes the oxidation of D- or L-arabinose by transferring 
hydrogen ion to an electron acceptor, such as NAD+, 
producing D- or L-arabinono-1,4-lactone, NADH, and H+  
Production of L-ascorbic acid and secretion into the culture 
medium by co-overexpression of arabinose dehydrogenase 
and arabinone-1,4-lactone oxidase in S. cerevisiae and Z. 




and EC 1.1.1.46 (L-
arabinose 
dehydrogenase) 
Xylose reductase Catalyses the initial reaction in the xylose utilization 
pathway, the NAD(P)H dependent reduction of xylose to 
xylitol 
Site-directed mutagenesis of recombinant xylose reductase 
from P. stipitis improved ethanolic xylose fermentation by 











Broad substrate specificity toward polycyclic aromatic 
hydrocarbon dihydrodiols, also acts on cis-anthracene 
dihydrodiol and cis-phenanthrene dihydrodiol 
For production of catechol-like metabolites; Various 
stereospecific  conversions of halogenated 
dihydroxycyclohexanones have been demonstrated by P. 
putida; enantioselective toluene cis-dihydrodiol 
dehydrogenase from P. putida F1 was used to produce 
enantiomerically pure (-)-biphenyl cis-(3S,4R)-dihydrodiol 
and (-)-phenanthrene cis-(1S,2R)-dihydrodiol from biphenyl 





DCase catalyzes the hydrolysis of N-carbamyl-D-amino acids 
to the corresponding D-amino acids, which are useful 
intermediates in the preparation of beta-lactam antibiotics 
DCase from Agrobacterium radiobacter NRRL B11291is 
used for the industrial production Of D-amino acids 
(Grifantini et al. 1996b; Nakai et al. 2000) 
EC 3.5.1.77 
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Naphthalene 
dioxygenase 
Relaxed substrate specificity; can oxidize almost 100 
substrates, including the enantiospecific cis-dihydroxylation 
of polycyclic aromatic hydrocarbons and the olefin groups 
of benzocycloalkenes, benzylic hydroxylation, N- and O-
dealkylation, sulfoxidation and desaturation reactions 
Biotranformation by immobilized enzyme: oxidation of 
naphthalene to produce optically pure (+)-cis-(1R,2S)-1,2-
napthalene dihydrodiol (McIver et al. 2008). 
Degradation of naphthalene by Pseudomonas sp. strain 
NCIB 9816-4. The enzyme has a broad substrate range and 
catalyzes several types of reactions including cis-
dihydroxylation, monooxygenation, and desaturation 
(Parales et al. 2000).  
Bioconversion of indene to 1-indenol and cis-(1S,2R)-
indandiol by Rhodococcus sp. I24 (Priefert et al. 2004) 
EC 1.14.12.12 
Epoxide hydrolase Key vertebrate hepatic enzyme that is involved in the 
metabolism of numerous xenobiotics, such as 1,3-
butadiene oxide, styrene oxide and the polycyclic aromatic 
hydrocarbon benzo--pyrene 4,5-oxide (Fretland and 
Omiecinski 2000). In a series of oxiranes with a lipophilic 
substituent of sufficient size (styrene oxides), 
monosubstituted as well as 1,1- and cis-1,2-disubstituted 
oxiranes serve as substrates or inhibitors of the enzyme. In 
vertebrates, five epoxide-hydrolase enzymes have been 
identified (EC 3.3.2.-) 
Enantioselective enzyme from Pseudomonas sp. used in the 
production of chiral substances, e.g. production of (2R,3S)-
ethyl 3-phenylglycidate with 95% enantiomeric excess (Li et 
al. 2003). Production of enantiopure (S)-styrene oxide by 
enzyme in batch kinetic resolution of racemic styrene oxide 
(Lee et al. 2007). Epoxide hydrolases and several 
isoenzymes are promising tools for generating enantiopure 








Dechlorination of triazine compounds and deamination of 
the structurally related s-triazine (e.g. melamine) and 
pyrimidine compounds (e.g. 4-chloro-2,6-
diaminopyrimidine) (Mulbry 1994a) 
Dealkylating and Dechlorinating of the Herbicide Atrazine 
by Rhodococcus (Shao et al. 1995). 
Biodegradation of atrazine and related s-triazine 
compounds in a chemical spill (Wackett et al. 2002). 
General microbial degradation of s-triazine herbicides 






Acts on a wide range of 1-haloalkanes, haloalcohols, 
haloalkenes and some haloaromatic compounds 
Production of (R)-3-chloropropane-1,2-diol + 2-oxo-
propionaldehyde, which are chiral synthons for various 
chiral pharmaceuticals, agrochemicals and ferro-
electroliquid crystals (Dravis et al. 2001). 
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4-Nitrophenol 
monooxygenase 
(npcB and npcA) 
Two component enzyme: NphA1 (oxidase component) and 
NphA2 (flavin reductase component). 
NphA1 oxidizes 4-nitrophenol into 4-nitrocatechol in the 
presence of FAD, NADH and NphA2 reduces FAD in the 
presence of NADH 
Degradation of 4-nitrophenol, and other by-products of the 
hydrolysis of organophosphorous pesticides, by 








Catalyzes the NAD+-dependent oxidation of 3-
hydroxyisobutyrate to methylmalonate semialdehyde of 
the valine catabolism pathway. Oxidoreductase, specifically 
acting on the CH-OH group of a donor with NAD+ or NADP+ 
as acceptor 
The enzymes from P. putida E23 is specific for the L-
enantiomer of hydroxyisobutyrate, and could produce D-3-
hydroxyisobutyrate from DL-isomers and was suggested to 
be useful for the synthesis of certain antihypertensive 
reagents (Chowdhury et al. 2003) 
EC 1.1.1.31 





Catalyzes the release of N-terminal D and L amino acids 
from peptide substrates. The group represents rare 
aminopeptidases that are not metalloenzymes 
DmpA from O. anthropi hydrolyzes the chromogenic 
substrate H-d-Ala-pNA and short α-peptides composed of l-
amino acids with good efficiencies. 
3.4.11.19: D-stereospecific aminopeptidase (Geueke and 
Kohler 2007). 
Hydrolases; Acting on peptide bonds (Peptidases); 




Catalyses conversion of 3- or 4-phenoxybenzoate to phenol 
and protocatechuate via a putative hemiacetal 
intermediate 
Transformation of mono- and dichlorinated 




Reduces folate to 5,6,7,8-tetrahydrofolate 
 
DHFR is a reasonable antimicrobial target for B. anthracis 
and that there is a class of inhibitors that possess sufficient 
potency and antibacterial activity to suggest further 
development (Beierlein et al. 2009; Joska and Anderson 
2006). 
Valid drug target in drug development, especially essential 
enzyme is a target for development of specific inhibitors for 
treatment of the biodefense organism: antimicrobial target 
for B. anthracis, homology modelling of inhibitors and 
growth inhibition assays (Bennett et al. 2009) 
EC 1.5.1.3 
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Beta-xylosidase Hydrolase activity, hydrolyzing O-glycosyl compounds Beta-xylosidases increases efficiency of hydrolysis of plant 
raw materials with high hemicellulose content such as 
maize cobs by the enzymatic preparation Celloviridine G20x 
depleted of its own beta-xylosidase. 
A. niger: coexpression of enzyme with Trichoderma reesei 
xylanase II in S. cerevisiae allows for degradation of 
birchwood xylan to D-xylose. Penicillium sp. used for 
bioconversion of xylan-rich plant wastes to value-added 
products; bioconversion of xylan-rich plant wastes to value-
added products (Bengtsson et al. 2009; Rahman et al. 2003) 








General reaction: polyprenyl diphosphate + 4-
hydroxybenzoate = diphosphate + 4-hydroxy-3-
polyprenylbenzoate  
Biosynthesis of ubiquinone, attaches a polyprenyl side chain 
to a 4-hydroxybenzoate ring, producing the first ubiquinone 
intermediate that is membrane bound. The number of 
isoprenoid subunits in the side chain varies in different 
species. The enzyme does not have any specificity 
concerning the length of the polyprenyl tail, and accepts 
tails of various lengths with similar efficiency 
Aromatic prenylation reactions of 4-hydroxybenzoate by 
different 4-hydroxybenzoate polyprenyltrnasferases 
showed different specificities for the chain length of the 




Catalyses the ATP-dependent condensation of pantoate and 
β-alanine 
Potential anti-tuberculosis target (Yang et al. 2011) 





Biosynthesis of bicyclic aromatic compounds; synthesis of 
1,4-dihydroxy-2-naphthoate, a branch point metabolite 
leading to the biosynthesis of menaquinone (vitamin K2, in 
bacteria), phylloquinone (vitamin K1 in plants), and many 
plant pigments 
Synthesis of polynaphthyl derivatives of β-
hydroxynaphthoic acid; environmentally friendly synthetic 
approach to the synthesis of hydroxynaphthoic acids 
(Furuya and Kino 2009) 
EC 4.1.3.36 















Chapter Two: Sequencing the genome of R. rhodochrous 
Thioredoxin 
reductase 
Only known enzymes to reduce thioredoxin The enzyme is essential for cell growth and survival, it is a 
good target for anti-tumour therapy in cancer. 
For example, motexafin gadolinium (MGd) is a new 
chemotherapeutic agent that selectively targets tumour 
cells, leading to cell death and apoptosis via inhibition of 
thioredoxin reductase (Richards and Mehta 2007) 
EC 1.8.1.9 




Catalyzes the dismutation of superoxide into oxygen and 
hydrogen peroxide. 
The enzyme is a target for development of antiangiogenic 
and antitumour drugs (Ferrari et al. 1989; Omar et al. 1992) 
In agriculture, soaking fish larva in enzyme solution protects 
fish from 100 ppm paraquat-induced oxidative injury (Ken 





Converts D- and L-substituted hydantoins to corresponding 
N-carbamyl-amino acids. 
Converts 5-substituted hydantoins to corresponding L-
amino acids. 
 
Amino acid biosynthesis EC 3.58.2.- 
Xanthine 
dehydrogenase 
Acts on a variety of purines and aldehydes, including 
hypoxanthine 
This enzyme can also be converted into EC 1.17.3.2 by EC 
1.8.4.7, enzyme-thiol transhydrogenase, in the presence of 
glutathione disulfide 
This enzyme can also be converted into EC 1.17.3.2 by EC 
1.8.4.7, enzyme-thiol transhydrogenase (glutathione-
disulfide) in the presence of glutathione disulfide. In other 
animal tissues, the enzyme exists almost entirely as EC 
1.17.3.2, but can be converted into the dehydrogenase 
form by 1,4-dithioerythritol. 
Immobilized and stabilized  xanthine dehydrogenase for use 





Multicomponent 1,2-dioxygenase complexes that convert 
closed-ring structures to non-aromatic cis-diols. The 
enzyme complex has both hydroxylase and electron 
transfer components 
Plays a key role in the biodegradation of numerous 
environmental pollutants, both in the natural environment 
















Chapter Two: Sequencing the genome of R. rhodochrous 
Biphenyl 
dioxygenase 
The enzyme from Burkholderia fungorum LB400 is part of a 
multicomponent system composed of an NADH:ferredoxin 
oxidoreductase (FAD cofactor), a [2Fe-2S] Rieske-type 
ferredoxin, and a terminal oxygenase that contains a [2Fe-
2S] Rieske-type iron-sulfur cluster and a catalytic 
mononuclear nonheme iron centre. Chlorine-substituted 
biphenyls can also act as substrates. Similar to the three-
component enzyme systems EC 1.14.12.3 (benzene 1,2-
dioxygenase) and EC 1.14.12.11 (toluene dioxygenase). 
Catalyzes critical steps of the bacterial polychlorinated 
biphenyl degrading pathway. 
Biotransformation of flavones by biphenyl dioxygenase 





Benzoate dioxygenase; enzyme system, containing a 
reductase which is an iron-sulfur flavoprotein (FAD), and an 
iron-sulfur oxygenase. Requires Fe2+. 
catalyzes the dihydroxylation of benzoate to produce 1,2-
dihydroxy-cyclohexa-3,5-diene-1-carboxylic acid 
Production of (R,S)-1,2-dihydroxycatechol, which is used as 
a polymerisation monomer; 
Synthesis of useful chiral chemical products: 




Hydrolytic dehalogenation of fluoroacetate and other 
haloacetates 
Biodegradation of heavily chlorinated compounds resistant 






Acts on acids of short chain lengths, C2 to C4, with inversion 
of configuration at C-2. [also EC 3.8.1.9 (R)-2-haloacid 
dehalogenase, EC 3.8.1.10 2-haloacid dehalogenase 
(configuration-inverting) and EC 3.8.1.11 2-haloacid 
dehalogenase (configuration-retaining)] 
Detoxification of halogenated herbicides, solvents and 
other xenobiotic compounds by immobilized enzyme; 
production of optically active 2-hydroxyalkanoic acids and 
2-haloalkanoic acids for chiral synthesis in industry (Barth et 







Catalyzes the insertion of one atom of molecular oxygen 
into position 2 of the phenyl ring of 3-(3-
hydroxyphenyl)propionate (3-HPP) and hydroxycinnamic 
acid (3HCI) 




Pigment production acting as an hydroxylase that 
transforms indole to indoxyl, resulting in the formation of 
indigo 
Flavonoid biosynthesis, novel indigo-producing oxygenase 
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Tryptophan 
synthase 
A pyridoxal-phosphate protein. The alpha-subunit catalyses 
the conversion of 1-C-(indol-3-yl)glycerol 3-phosphate to 
indole and glyceraldehyde 3-phosphate. The indole then 
migrates to the beta-subunit where, with serine in the 
presence of pyridoxal 5'-phosphate, it is converted into 
tryptophan. Also catalyses the conversion of serine and 
indole into tryptophan and water, and of 1-C-(indol-3-
yl)glycerol 3-phosphate into indole and glyceraldehyde 
phosphate (the latter reaction was listed formerly as EC 
4.1.2.8). In some organisms, this enzyme is part of a 
multifunctional protein, together with one or more other 
components of the system for the biosynthesis of 
tryptophan [EC 2.4.2.18 (anthranilate 
phosphoribosyltransferase), EC 4.1.1.48 (indole-3-glycerol-
phosphate synthase), EC 4.1.3.27 (anthranilate synthase) 
and EC 5.3.1.24 (phosphoribosylanthranilate isomerase)]. 
The beta subunit is responsible for the synthesis of L- 
tryptophan from indole and L-serine. 
The enzyme is a target for structure-based design of 






The enzyme catalyzes the degradation of conjugated bile 
acids in the mammalian gut. Removes, in the presence of 
oxygen, 4 hydrogen atoms from delta-L-(alpha-
aminoadipyl)-L-cysteinyl-D-valine (ACV) to form the 
azetidinone and thiazolidine rings of isopenicillin 
Penicillin biosynthesis 3.5.1.24 and 
1.21.3.1 
1 and 3 
Specific enzyme activities for most enzymes were inferred using information obtained from the BRENDA database (www.brenda-enzymes.org), the main collection of 
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2.11. A Baeyer-Villiger enzyme tool box and rhodococcal Shikimate 
enzymes for drug discovery 
 
Several Baeyer-Villiger enzymes and Shikimate pathway enzymes are found in the genome of 
BAA-870 (see Table 2.15). Baeyer-Villiger enzymes are interesting biocatalysts due to their 
ability to catalyse several types of oxidation reactions, and particularly, Baeyer-Villiger 
monooxygenases even more so due to their unique ability to insert an oxygen into the 
carbon-carbon bond (Kamerbeek et al. 2003; Kayser 2009). A wide range of ester or lactone 
products are afforded from the oxidation of carbonylic substrates (Orru et al. 2011). Five 
annotated BVMOs are found in the genome of BAA-870, including three annotated as 
phenylacetone monooxygenases. Cyclohexanone monooxygenase and several other 
monooxygenase implicated in Baeyer-Villiger reactions are also present. The range of kinetic 
resolutions that can be achieved by Baeyer-Villiger monooxygenases (BVMOs), and the 
broad applicability of BVMOs in synthetic chemistry, provides an ideal enzymatic candidate 
for a BVMO tool box. Several shikimate pathway enzymes have been found in the BAA-870 
genome. All of the enzymatic steps in the shikimate pathway have potential for drug design 
targets, including the chorismate converting enzymes chorismate synthase and salicylate 
synthase. 
 
2.11.1. Baeyer-Villiger enzymes 
 
Five annotated BVMOs are found in the genome of BAA-870, including three annotated as 
phenylacetone monooxygenases. Baeyer-Villiger oxygenases are known for the conversion 
of cyclic ketones into lactones. BVMOs, in particular, are flavoenzymes and belong to the 
oxidoreductase enzyme class (1.14.13.x). BVMOs also convert aromatic, linear or aryl alkyl 
ketones into esters, using molecular oxygen rather than the peracids which are typically 
used in chemical synthesis (Baeyer and Villiger 1899). 
 
BVMOs were first isolated more than 30 years ago, however, detailed knowledge of these 
enzymes had been lacking until recently. Major breakthroughs were made in the structure-
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which were isolated from an environmental Rhodococcus strain, bound with FAD and 
NADP(+) in two distinct states (Mirza et al. 2009), as well as the identification of numerous 
novel BVMOs (Torres Pazmiño et al. 2010). This has led to an intensified exploration of 
biocatalytic properties of novel BVMOs and structure-inspired enzyme redesign. Baeyer–
Villiger reactions afford high regio-, chemo-, and enantioselectivity, and the enzyme-
mediated reactions give valuable advantages over metal-based catalysts used in chemical 
oxidations (Strukul et al. 1997). It was also previously shown that linear aliphatic ketones 
bearing an amino substituent in the  position are also accepted as substrates by BVMOs. 
 
Rehdorf et al. recently exploited the regioselectivity of BVMOs for the formation of β-amino 
acids and β-amino alcohols (Rehdorf et al. 2010). The potential of biologically active -
peptides in particular has great potential for peptidomimetic drug development. Chemical 
methods for the preparation of -amino acids have been developed, with a focus on 
asymmetric synthesis (Gutiérrez-García et al. 2001; Juaristi et al. 1999; Liu and Sibi 2002), 
however, the syntheses are often not as selective as enzymatic syntheses (Chhiba et al. 
2012). The main enzymatic routes for obtaining highly enantiopure -amino acids have been 
based on resolutions using enzymes acting on either C-N bonds (such as acylases (Gröger et 
al. 2004) amidases (Li et al. 2007; Soloshonok et al. 1995) and aminopeptidases (Heck et al. 
2009), or C-O bonds (using hydrolytic enzymes such as lipases (Gedey et al. 2001; Solymár et 
al. 2002) and esterases (Liljeblad and Kanerva 2006)). Optically pure -amino acids can also 
be obtained from -amino acids by using aminomutases (Frey and Magnusson 2003; Wu et 
al. 2011) and by reductive amination of ketones with -aminotransferases (Banerjee et al. 
2005). 
 
Rehdorf et al. investigated whether linear aliphatic ketones with an amino substituent in the 
-position could also be accepted as substrates by BVMOs (Rehdorf et al. 2010). 
Interestingly, they found that certain BVMOs incorporated the oxygen on the less sterically 
hindered carbon atom to furnish the regioisomeric ester 2, which yielded a -amino acid 
after hydrolysis (Figure 2.13). Oxygen insertion at the higher substituted carbon center lead 
to the “normal” ester 3, which could be hydrolyzed to a -amino alcohol. The regioselective 
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alcohol, but could also be used to provide access to β-amino acids such as β-leucine. 
Synthesizing the “abnormal” ester by chemical methods remains challenging, and thus the 
implementation of a BVMO-mediated ketone oxidation offers a distinct advantage. 
 
Figure 2.13: The BVMO-catalysed kinetic resolution of aliphatic N-protected -amino 
ketone 1 using whole cells of E. coli expressing BVMO. 
The reaction scheme, from Rehdorf et al. 2010, shows the production of the regioisomeric esters 1, 2 and 3 
from a-amino ketone using a BVMO. After hydrolysis, ester 2 yielded a -amino acid (Rehdorf et al. 2010). 
 
Four BVMOs tested by Rehdorf et al. were active against 5-amino-3-one 1 and showed high 
enantioselectivities. Fortuitously, the resulting nonprotected -amino ketones were not 
further converted by any of the BVMOs tested. 
 
The enzymatic Baeyer–Villiger reaction opens up new synthetic routes for the formation of 
-amino acids, and this offers a useful alternative to already described enzymatic processes 
(Gedey et al. 2001; Gröger et al. 2004; Heck et al. 2009; Li et al. 2007; Liljeblad and Kanerva 
2006; Soloshonok et al. 1995). The regioselectivity of BVMOs provide pharmaceutically 
valuable optically active synthons. Baeyer-Villiger monooxygenases can therefore be 
considered unique oxidative biocatalysts with future industrial applications (Torres Pazmiño 
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2.11.2. Shikimate enzymology as targets for drug design 
 
While mammals derive their aromatic compounds from their diets, plants and 
microorganisms produce all key aromatic compounds involved in primary metabolism, 
including the three aromatic amino acids found in proteins (tryptophan, tyrosine and 
phenylalanine), via the shikimate pathway (Figure 2.15). Shikimate pathway enzymes have 
therefore been a focus as targets for anti-microbial compounds, antiparasitic agents, 
fungicides, antibiotics, and non-toxic herbicides (inhibition of the shikimate pathway has 
potential herbicidal activity) (Lu et al. 2013). For example, the herbicide Glyphosate targets 
the shikimate pathway. Recently, Koma and colleagues metabolically engineered an E. coli 
shikimate pathway to produce six aromatic compounds used in several industries (Koma et 
al. 2012). 
 
Shikimate (Figure 2.14) is the anionic form of shikimic acid, a metabolite of plants and 
microorganisms. Shikimic acid is a precursor, via the shikimate pathway, of the aromatic 
amino acids tyrosine and phenylalanine, and tryptophan amongst other indole derivative, as 
well as alkaloids, flavonoids, vitamin K and ubiquinone.  
 
 
Figure 2.14: The structures of Shikimic acid (A) and oseltamivir (B), trade name Tamiflu®. 
 
Shikimic acid was first isolated from the Japanese flower, Shikimi. In the pharmaceutical 
industry, shikimic acid is used as the base material in the production of oseltamivir, or the 
commercially named Tamiflu, an anti-influenza drug marketed by Hoffman-La Roche 
(Roche). Shikimic acid is extracted from plant material, mostly Chinese star anise, but also 
from the needles of certain pine tree strains and sweetgum fruit seeds. Dependence of 
shikimic acid extraction on plants has had major drawbacks, and the shortage of Chinese star 
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expressing systems using recombinant technology, either by modifying existing metabolic 
pathways in an organism or using recombinant shikimate enzyme cascades for 
bioconversions to the valuable shikimic acid 
 
Dehydroquinase (DHQase) catalyses the dehydration of 3-dehydroquinic acid to 3-
dehydroshikimic acid (dehydroshikimate). The occurrence of two distinct forms of DHQase 
offers the possibility of developing selective inhibitors for each type (Coggins et al. 2003). 
Dehydroshikimate is consequently converted to shikimic acid by shikimate dehydrogenase. 
 
 
Figure 2.15: A simplified view of a part of the biosynthetic shikimate pathway. 
NAD(P)/H and ATP/phosphate transfers have been left out for clarity. The pathway was drawn using 
ChemDraw® v8.0. 
 
The nutrient p-aminobenzoic acid, a precursor of folate, appears to be critical in the 
biosynthesis of nucleotides by pathogenic bacteria (Payne et al. 2000) that rely on their own 
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There are many reasons to sequence a genome. The most evident would appear to be the 
mining of genome information for the benefit of human health, since there has been a bias 
towards sequencing the genomes of pathogens. New sequencing technology has 
revolutionized the cost and pace of obtaining genome information, however, there has been 
a drive to sequence the genomes of organisms which have useful economic consequences, 
as well as those with environmental interest, and which indicate evolutionary relationships 
and/or ecological diversity (Martiny and Field 2005; Venter et al. 2004). 
 
2.12.1. Pulsed field gel electrophoresis 
 
Pulsed-field gel electrophoresis is recommended for identifying plasmids and sizing the 
genome, although sizing results vary greatly depending on the restriction enzymes used. 
PFGE confirmed the presence of a plasmid of ~ 450 kb in addition to the chromosomal 
genome of R. rhodochrous ATCC BAA-870. Sequencing data indicates the presence of genes 
for the parA protein, which is involved in plasmid partitioning. Pulsed-field gel 
electrophoresis equipment is not readily available, but the experimental determination of 
the genome size is a crucial step in confirming the total base pair reads when sequencing a 
genome ab initio, and can experimentally clarify the raw and effective coverage depth 
obtained from short read sequences. Since increasing the time of incubation with enzyme 
did not increase the digestion of the genomic DNA, it is presumed that the current available 
set of restriction enzymes is not optimal for restriction of the genomic DNA of BAA-870. As 
more restriction enzymes become available, and the sequence specificities of these enzymes 
become more varied, it will be possible in future to confirm a genome size with better 
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2.12.2. Solexa Illumina sequencing 
 
The basic steps in processing sequence data include assembling individual ‘read’ sequences 
(36 bp in length from Solexa Illumina sequencing) into longer contigs (contiguous 
sequences). These contigs constitute a ‘draft’ genome assembly, in which ‘gaps’ between 
contigs can be closed through iterative procedures. The draft and completed genomes can 
be annotated using automated pipelines which predict and assign potential genes or coding 
sequences, and using a variety of functional resources can determine the functional roles of 
the predicted genes. Information obtained from a genome dataset includes gene 
coordinates, locus identifiers and names, and functional annotations such as metabolic 
pathways, protein families and domains, cellular activities, structures and locations, and 
associated protein clusters. 
 
Short read sequence (SRS) technology provides sequences faster and cheaper at the risk of 
fragmented assembly. However, traditional Sanger sequencing methods still provide better 
quality data that can be assembled into more complete genomes, and additionally, programs 
and algorithms cope better with longer sequence reads than shorter ones. An example from 
a recent review shows that as the read length is decreased, the assembly quality 
deteriorates (Chaisson et al. 2004; Whiteford et al. 2005). Whiteford et al. observed rapidly 
decreasing contig size for reads shorter than 50 bp (Whiteford et al. 2005). Using Sanger 
sequence reads of more than 750 bp, Chaisson et al. assembled 59 contigs from Neisseria 
meningitides sequence data, with 48 of the assembled contigs having a length of > 1 Kbp 
(Chaisson and Pevzner 2008). The same assembly using 70 bp reads (as in so-called short 
sequence read technology) consisted of > 1800 contigs, of which only a sixth were > 1 Kbp. 
Intermediate read lengths of 200 bp could be assembled into 296 contigs. 
 
One can compensate for the fragmented assembly of short sequence reads, to a limited 
extent, by increasing the depth of coverage, particularly in relatively small bacterial 
genomes. However, repetitive sequences cause a break in linking information that no 
amount of coverage can truly compensate for (Pop et al. 2002). In essence, for a sequence 
repeat of length ‘N’ or longer, a read of length ‘N’ cannot bridge this repetition. For a short 
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break in sequence assembly. The break in assembly does not improve for shorter genomes, 
even if the coverage is increased. Paired-end sequences such as the mate-paired sequencing 
employed in this study can improve the assembly by adding longer sequence reads which 
scaffold assemblies made from shorter reads, thereby reducing somewhat the complexity of 
sequence assembly. However, according to a recent review by Pop and Salzberg, mate-
paired sequence strategies are still relatively new, and their effectiveness has yet to be 
determined (Pop and Salzberg 2008). The benefit of mate-paired sequencing, however, is 
that it produces pairs of sequence reads whose approximate distance within the genome is 
known. This mate-paired information helps sequencing programs to spatially order the 
contigs along the genome and correctly resolve some sequence repeats. 
 
2.12.3. Genome Sequence Assembly 
 
The assembly of a bacterial genome can be easily handled using desktop applications and 
fairly standard computer hardware and resources. The freeware assembly programmes 
Edena and dCAS can be used in conjunction or separately to assemble short read sequence 
data. Other programmes such as Velvet, SSAKE and SHARCGS can be used separately or in 
addition to Edena to assemble genome data sequence, however, they are far more 
demanding of computer resources. The programme, dCAS, a desktop application for cDNA 
sequence annotation, was used as a first attempt to annotate the assembled sequence, with 
a good overall annotation percentage. Genome annotation differs greatly when using cDNA 
sequence versus raw DNA sequence. Thereafter, a combination of dCAS, CLC Bio and Edena 
was used to assemble the sequences. The best result obtained using this combination was 
2082 contigs, with an N50 value of 5540. In this case the percentage of reads assembled was 
73.7 %. This was not necessarily the best means of assembling. 
 
The alternative to assembly of a genome ab initio is to use the information of a sequenced 
genome that is already known. The closely related genome can be used as a guide, onto 
which the new sequence is assembled. However, as has been noted in this study, while 
helpful in determining genome organisation, it can be seen that this can also bias the 
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even the most closely related species information available can be drastically different from 
each other, with greatly differing genome size. Sequence repeats still remain a problem in 
this case, even if the species are very similar in their genome organisation, since the repeat 
in an assembly algorithm is treated as redundant data as opposed to real repeated 
sequence. Theoretical simulations of data assembly are useful in highlighting the shortfalls of 
assembling short read sequences. The assembly program AMOScmp, a comparative 
sequence assembly algorithm program, uses an existing genome as a backbone onto which 
the new sequence is assembled. However, it was shown that this comparative assembly 
strategy only works best when the two species are more than 90 % identical (Pop et al. 
2004), as sequencing errors can be tolerated by AMOScmp better when a reference genome 
is used for assembly. 
 
A ‘perfect’ assembly program should be able to detect all true overlaps in error-free data 
and assemble all genome regions for which there is a unique solution. Whiteford et al. 
highlighted the possibilities of a ‘perfect’ assembler by using the bacterial genome, 
Escherichia coli, as an example (Whiteford et al. 2005). Even with 30 bp reads, the 
approximate length of reads of SRS technology such as Illumina, theoretical assembly of the 
E. coli genome should give 75 % coverage with contigs of > 10 000 bp in length, where 96 % 
of the genes are successfully assembled within single contigs (and not split across multiple 
contigs). The longer eukaryotic C. elegans genome, however, would produce only a 51 % 
genome assembly with contigs of > 10 000 bp in length, even if 50 bp reads were used 
(instead of 30 bp). Short reads would leave significant proportions of the genome un-
assembled for longer eukaryotic genome assemblies. 
 
All sequence assembly methods assume that the DNA sequence reads are correct, so certain 
sequencing errors cause erroneous gene annotations, particularly when errors produce an 
in-frame stop codon. Ab initio sequence annotations are organized around open reading 
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2.12.3.1. Paired-end sequence assembly 
Mate-paired sequencing, in addition to the Solexa Illumina short read sequence information, 
provides long range positional information, allowing for highly precise alignment of reads. A 
genome size difference of nearly 3 Mbp obtained depending on the method of data pre-
treatment clearly indicates a need for a standardised approach to genome sequencing and is 
open to interpretation when assessing the quality of sequence added to genome databases. 
Indeed, the assembly of the ab initio sequence of BAA-870 shows that significantly different 
sequence assembly results can be reported depending on the initial parameters used to 
define the assembly (using an unstrict mode and lower minimum overlap size of 18, for 
example, can show the genome consists of 2206 contigs of an average size 2623 bp, with 
73.6% of the total 5 787 574 bp genome assembled). Contrast this with a minimum overlap 
size of 24 bp in strict mode, for example, and the reported sequence assembly statistics will 
change to 6014 contigs of an average size 939 bp, indicating that 71.9 % of the 5 647 805 
total genome was assembled. The reporting of a genome assembly which is obviously open 
to interpretation, and addition of the genome information to electronic databases, may 
benefit from a set of guidelines and/or given parameters so as to standardise somewhat the 
information which is available to researchers. As the sequencing technology improves and 
genome sequencing becomes cheaper and faster, the addition of sequence information to 
public space will drastically increase. The reporting of genome sequence can be regarded as 
a compounding of potential problems: not only is the raw sequence and assembly thereof 
open to a range of manipulation which can result in extremes of perceived data quality, but 
so too is the annotation of that data. Annotation of genome sequence is a crucial step in 
providing genome information that is useful. 
 
2.12.4. Genome Annotation 
 
It has been assumed that the annotation of prokaryotic genomes is simpler than the intron 
containing genomes of eukaryotes. However, annotation has been shown to be problematic, 
with over- or under-prediction of small genes especially, where the criterion used to decide 
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2010). Warren et al. 2010, used high performance computational methods to show that 
current annotated genomes are missing 1153 candidate genes which have been excluded 
from annotations based on their size. These genes do not show strong similarities to gene 
sequences in public databases indicating that they may belong to gene families which are 
not currently annotated in genomes. Furthermore, they uncovered ~38 895 intergenic ORFs, 
currently labelled as ‘putative’ genes only by similarity to annotated genes; in other words, 
the annotations are absent. Therefore, Prokaryotic gene finding and annotation programs do 
not accurately predict small genes, and are limited to the accuracy of existing database 
annotations. Hypothetical genes (genes without any functional assignment), genes that are 
assigned too generally to be of use, mis-annotated genes and undetected real genes remain 
the biggest challenges in assigning annotations to new genome data (Frishman 2007; 
Galperin and Koonin 2004; Roberts 2004). 
 
On investigating the misannotation levels of publicly available protein sequence databases, 
Schnoes and colleagues, 2009, found that the manually curated UniProtKB/Swiss-Prot 
database had the least error in annotation of a model set of selected protein families 
compared to the primarily computationally annotated databases GenBank NR, 
UniProtKB/TrEMBL, and KEGG (Schnoes et al. 2009). It seems that even the level of mis-
annotation in genomes is debateable depending on the analysis used. For example, on 
examining the annotation of small genomes, two groups suggested that at least 8 % of the 
functional annotation of these genomes were incorrect (Brenner 1999; Devos and Valencia 
2001), while the rate was predicted to be much higher (at least 37 % incorrect) by Devos and 
Valencia, 2001, if the definition of the rate of error used was changed (Devos and Valencia 
2001). Jones et al. 2007, modelled the annotation error of genes in the GO database, and 
estimated that up to 49 % of computationally annotated sequences could be misannotated 
(Jones et al. 2007), highlighting the dangers of error propagation when initial sequences are 
misannotated. Sequence databases may need to be significantly overhauled in order to 
correct misannotation and prevent the propagation of errors into more recent sequences. 
 
Automatic annotation of genomes is subject to problems and is error-prone. Annotation can 
be based on the wrong gene models, including models containing fused genes, missed exons 
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transfer of annotation by homology or biased amino acid composition. Collaborative 
genome publishing is necessary in order to collectively pool resources for big annotation 
projects and to identify poor and/or incorrectly assigned BLAST results so as not to carry 
through ‘bad’ genome annotation. 
There remains to be established a standard solution for assembly of sequence data in closely 
related species, and new genome sequences will continue to appear before the technology 
and software available to process the data is improved, or a standard data processing flow 
becomes available. Even with existing programs, the assembly of one set of sequence data 
can be changed significantly by changing only the input parameters for the program, and no 
guideline or quality measure is used for the submission of genomes to public databases such 
as NCBI. 
 
2.12.5. Genomes and biodiversity 
 
A single genome sequence cannot reflect the true biological diversity of a taxon. Several 
genomes from a wide-spread ocean surface water inhabitant cyanobacterium, 
Prochlorococcus marinus, were sequenced with the aim of elucidating the main difference 
between the high- and low-light ecotypes (Rocap and al 2003). However, the study was 
surprising: the different P. marinus strains had vastly different gene compliments and a high 
rate of gene acquisition and loss. The study showed that the core gene set shared by the 
strains was limited and shrinking, but that the pan genome, or total set of genes represented 
by a P. marinus isolate, is extremely large and expanding (Scanlan et al. 2009). The 
significance of the pan genome has therefore been highlighted, since organisms are assigned 
the same ‘species’ due to nearly identical 16S rRNA sequences, yet can have vastly different 
genomes contents. This is certainly true for the Rhodococcus bacteria. 
 
Each new genome sequenced contributes to a richer and more complex collection of diverse 
microbial information. Even closely related genomes contribute unique information – 
relatively small differences in genome sequences across species allow detailed evolutionary 
research on even the smallest of time scales. It also will contribute to more accurate gene 
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Tettelin et al. during a study on the genomes of seven Streptococcus agalactiae, that an 
average of 33 new genes per genome will be discovered as new genomes are sampled 
(Tettelin et al. 2005). Also, analysis of seven Escherichia coli genomes predicted that on 
average, 441 new genes could be provided by the sequencing of each new isolate, 
highlighting the power of comparative genomics to identify genes (Chen et al. 2006). These 
discoveries have contributed to the strengthening of the concept of the ‘pan-genome’ – the 
fact that the gene pool of many microbial species is far larger than the number of genes 
found in any single organism. Although a simple concept, comparative genomics is 
nevertheless an important discovery for the genomics era. 
 
2.12.5.1. Implications of hypothetical genes, genes of unknown 
function and ‘orphan’ enzymes 
In all sequenced genomes, a large fraction of predicted genes encode proteins of unknown 
biochemical function, and as much as 15% of ‘known’ function genes are mis-annotated  
(Kuznetsova et al. 2005). Genes are annotated on the basis of sequence similarity to proteins 
which have already been annotated (Altschul et al. 1997). It’s a necessary bioinformatics 
technique which fails to assign 40-60% of new sequences (Green and Karp 2004). In the 
Protein Data Bank (PDB), as of July 2011, approximately 1887 three-dimensional protein 
structures are annotated as ‘hypothetical’, which amounts to roughly 1 in every 40 entries. 
Only 6 years ago, approximately 500 three-dimensional protein structures were annotated 
as ‘hypothetical’, which amounted to roughly 1 in every 50 entries in the PDB (Pazos and 
Sternberg 2004). There are more than 1525 enzyme activities which have an assigned 
Enzyme Commission (EC) numbers, but for which no sequence can be found in sequence 
databases. Such unassigned sequence enzymes are referred to as enzymes with ‘orphan 
activities’ (Karp 2004; Lespinet and Labedan 2006a). 
 
Orphan enzyme activities correspond to the enzyme activities (EC numbers) defined by the 
Nomenclature Committee of the International Union of Biochemistry and Molecular Biology 
(NC-IUBMB), and which are not associated with any amino acid sequences in the major 
public databases (i.e. UniProt, Enzyme, PDB, IntEnz, KEGG, BRENDA) (Lespinet and Labedan 
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activities having no gene sequence. In a search of the Orenza database (orphan enzyme 
database), 6 out of 22 EC classifications of R. rhodochrous known enzymes in BRENDA are 
considered orphans. Lespinet et al. have suggested that orphan enzymes could be a major 
source of new drug discovery targets in the future (Lespinet and Labedan 2006b). 
 
In any given prokaryotic genome, more than 30% of genes are annotated as ‘function 
unknown’. This percentage  for ‘hypothetical’ genes is even higher in eukaryotes where, for 
example more than 60% of the genes in Plasmodium falciparum are hypothetical (Gardner et 
al. 2002). Large percentages of genes have non-specific annotations, including ‘hypothetical’ 
or ‘putative’ functions, and even for the best characterized model organism Escherichia coli, 
more than 20% of gene functions are unknown (Liang et al. 2002). 
 
Understanding the functional content of the genome bridges the gap between the explosive 
amount of genome data added to our knowledge, and the uses obtained there from. Just 
over 10 years ago, Peer Bork made the “70% hurdle” prediction, which still stands true 
today: on average, for approximately one-third of the genes in any given genome, the 
functions could not be predicted through traditional methods of genome analysis, and even 
more so, the accuracy of functional prediction was only 70% for the remaining genes (Bork 
2000). It was hoped that high throughput analytical methods would improve this 70% 
barrier, but the high error rates endemic to these methods did not improve this figure much  
(Bork 2000). Using high throughput analysis of the gene and protein expressions, 
interactions and ligand binding can increase the amount of data for a gene in a model 
genome, but, the amount of data obtained for each gene still did not necessarily translate 
into better understanding of the gene function (Jensen et al. 2009). 
 
Using the example of an oxidoreductase, a single enzyme in this class would use a variety of 
electron acceptors and substrates, making the functional assignment of this enzyme difficult. 
High throughput enzyme assays help to assign general biochemical functions to products of 
previously uncharacterized genes but are often unable to pinpoint the natural substrates for 
enzymes (Kuznetsova et al. 2005; Kuznetsova et al. 2006). The feasibility and merits of a 
high-throughput approach for identifying oxidoreductases and hydrolases was demonstrated 
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purify 96 proteins in three hours, providing enough protein (10-100 mg in 100-150 ml 
aliquots) for at least 10 enzymatic assays each (Kuznetsova et al. 2005). Also, many proteins 
lack known enzymatic activity and could function exclusively in protein-protein interactions. 
Functional assignments of the majority of genes are based only on their sequence similarity 
of their proteins to experimentally characterized proteins in only a few model organisms. 
 
The abundant ‘hypothetical’ genes are likely to function in processes of translation, 
transcription and ribosome biogenesis given that most universally conserved genes function 
in these related roles (Koonin and Wolf 2008). Several ‘conserved hypothetical’ genes were 
characterized recently and shown to be involved in the transcriptional modification of tRNA 
(El Yacoubi et al. 2009; Phillips et al. 2010). Large scale screens were applied to a set of 
purified proteins from Saccharomyces cerevisiae, and several new enzymes involved on tRNA 
metabolism were identified (Grayhack and Phizicky 2001; Martzen et al. 1999; Phizicky et al. 
2003; Xing et al. 2004). 
 
Philips et al. (2010) discovered an amidotransferase involved in the modification of archaeal 
tRNA. The biosynthesis of the archaeal modified nucleoside is complex, and initially involves 
the production of 7-cyano-7-deazaguanine, an advanced precursor that is produced in the 
tRNA-independent portion of the biosynthesis. In this case, a nitrile has the direct addition of 
NH3 rather than being hydrolysed to an amide, showing that the reaction was not via a nitrile 
hydratase as previously thought, but constitutes the previously unknown amidinotransferase 
enzyme chemistry (Phillips et al. 2010). This is the only example of the conversion of a nitrile 
to a formamidine known in biology, and a new class of amidotransferase chemistry. Given 
that the amidotransferase function experimentally assigned to a previously ‘conserved 
hypothetical’ gene by Philips et al. (2010) belongs to the signature amidase superfamily, it is 
likely that there are not only more signature amidases waiting to be discovered, but also 
more associated nitrile hydratase functions to be assigned in R. rhodochrous ATCC BAA-870. 
 
The genomes of free-living organisms, as opposed to the more streamlined genomes of 
parasites, saprophytes and symbionts, contain many more ‘hypothetical’ genes (which are 
less common than ‘conserved hypothetical’ genes) (Kolker and al 2005). This is certainly true 
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to a huge range of soil conditions. Organisms with ‘moonlighting’ proteins, that is proteins 
with more than one function or enzymatic activity, also contribute to the mis-annotation of 
genes. 
 
At least 75% of known enzymes in any genome, including those from human and E. coli, 
belong to only three E.C. classes: hydrolases, oxidoreductases and transferases (PEDANT 
database, (Frishman et al. 2003; Frishman 2007)). Oxidoreductases and hydrolases alone 
comprise 40-60% of known enzymes in various genomes (PEDANT database). In the PDB, 
85% of the 74 601 structures to date are oxidoreductases, transferases and hydrolases. It is 
therefore highly likely that many of the unknown proteins in BAA-870 will also contribute to 
these activities. 
 
It is plausible that a large proportion of remaining uncharacterized genes belong to functions 
of regulation of gene expression, complex secondary metabolism, and post-translational and 
post-transcriptional modifications, based on the observations that the fraction of metabolic 
and regulatory genes increases with genome size (Galperin 2005; Konstantinidis and Tiedje 
2004; van Nimwegen 2003). Additionally, another class of uncharacterized gene function in 
free-living organisms includes detoxification (usually hydrolysis) of potentially hazardous 
substances and products of a wide variety of metabolic reactions (Galperin et al. 2006). This 
indeed could contribute to the size and retention of a large number of unknown genes in R. 
rhodochrous ATCC BAA-870. The ‘house cleaning’ genes have been shown to be specifically 
abundant on aerobic organisms which face the spontaneous oxidation amino acids, 
nucleotides and other critical cellular components. Cellular house cleaning reactions would 
mostly include methylation, acetylation and adenylylation, amongst others. Therefore, “It is 
probably no coincidence that many poorly characterized proteins appear to function as 
hydrolases” (Kuznetsova et al. 2005; Kuznetsova et al. 2006). A recently characterized gene 
which was assigned the ‘conserved hypothetical’ annotation has now been renamed msrC, 
and encodes a methionine-(R)-sulfoxide hydrolyzing enzyme (an enzyme for coping with a 
product of methionine oxidation) (Lin et al. 2007). 
 
Not all unassigned or hypothetical genes may necessarily encode a functional protein or 
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organisms are remnants of viral genetic elements, or transient mobile genetic elements 
which pass through microbial genomes, and the rate of horizontal gene transfer in bacteria is 
very high (Kent et al. 2011). A sequenced genome should be viewed as a temporal snapshot, 
since the genome is dynamic and may include short-lived genomic elements that are not 
maintained by selection. 
 
2.12.6. The Significance of Rhodococcus genomes 
 
Rhodococcus genomes in particular encode for large numbers of oxygenases (Van der Geize 
and Dijkhuizen 2004). This includes multiple alkane monooxygenases (genes alkB1–alkB4) 
(Whyte et al. 2002) and alkane hydroxylase homologs (Van Beilen et al. 2002). RHA1 has 203 
oxygenases, including 19 cyclohexanone monooxygenases (EC 1.14.13.22). Rhodococcus 
cyclohexanone monooxygenases can be used in the synthesis of industrially interesting 
compounds from cyclohexanol and cyclohexanone. These include adipic acid, caprolactone 
(for polyol polymers) and 6-hydroxyhexanoic acid (for coating applications) (Thomas et al. 
2002). Chiral lactones can also be used as intermediates in the production of prostaglandins 
(Banerjee 2000). The same oxidative pathway is can be used to biotransform 
cyclododecanone to lauryl lactone, or 12-hydroxydodecanoic acid (Kostichka et al. 2001; 
Schumacher and Fakoussa 1999b). Cyclododecanone monooxygenase of Rhodococcus SC1 
was used in the kinetic resolution 2-of substituted cycloketones for the synthesis of aroma 
lactones in good yields and high enantiomeric excess (Fink et al. 2011). RHA1 has a limited 
ability to grow on linear alkanes, and the predicted monooxygenases able to transform such 
compounds are few.  
 
ATCC BAA-870 also has few monooxygenases predicted to transform linear alkanes. BAA-870 
does not seem to possess a cyclohexanone monooxygenase; but it does have several other 
monooxygenases, including two phenol 2-monooxygenases (EC 1.14.13.7), a methane 
monooxygenase (EC 1.14.13.25), three vanillate monooxygenases (EC 1.14.13.82), a 
precorrin-3B synthase (EC 1.14.13.83) and five phenylacetone monooxygenases (EC 
1.14.13.92). In BAA-870 there are 501 oxidoreductases (37% of the enzymes) including 46 
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The actinomycetales order includes many economically and medically important organisms, 
and Rhodococcus is undoubtedly one of the most industrially important actinomycetes 
genus (Van der Geize and Dijkhuizen 2004) owing to its success as a microbial biocatalyst and 
a broad range of applications in bioproduction and bioremediation (Banerjee et al. 2002; 
Gray et al. 1996; Holder et al. 2011; Kobayashi et al. 1992a; Larkin et al. 2006; Martínková et 
al. 2009; Yam et al. 2010). 
 
Since the sequencing of the RHA1 genome, numerous gene targets have proved to be of 
value in various biotechnology related areas. For example, the genes encoding vanillin 
dehydrogenase and vanillate O-demethylase in RHA1 were studied by Chen et al. to outline 
vanillin catabolism (Chen et al. 2012). Ahmed et al. identified two unannotated genes 
present in the genome of RHA1 which were similar to peroxidase genes of lignin degrading 
microbes (Ahmad et al. 2011). One of these genes was shown to have a significant role in 
lignin degradation, and could oxidise both polymeric lignin and well as model lignin 
compounds. Both studies have led to insights into lignin degradation by RHA1 and other 
actinomycetes, and in the latter case, provided the first detailed characterization of a 
recombinant bacterial lignin peroxidase. Lignin biodegradation is an important step in 
biofuel production, and new lignin degrading enzymes could be useful for better biofuel 
extraction. 
 
The sequencing of several actinomycete and Rhodococcus genomes, have revealed that 
many of them have large and relatively rare linear chromosomal elements, while most other 
bacterial genomes are circular. The high proportion of linear chromosomes have made the 
actinomycete genomes interesting models for studying chromosome topology and evolution 
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2.13. Conclusions 
 
By the end of June 2011, 1695 genomes representing 1582 bacteria, 113 archaea and 74 
eukaryotes were completely sequenced, and deposited in the freely available public 
nucleotide sequence databases GenBank/EMBL/DDBJ. There are an astonishing 4876 further 
microbial genomes currently in progress. Genomes are being sequenced at an increasing 
rate due to advances in sequencing technology and reduced costs of sequencing. Genome 
information can be utilized for novel sequence mining, and as a resource for biocatalysis 
targets. The genome sequence of R. rhodochrous ATCC BAA-870 is the first rhodochrous 
subtype to be sequenced. It will be the seventh rhodococcal genome to be submitted to the 
NCBI, but the fifth subtype addition. The generally large and complex genomes of 
Rhodococcus afford a wide range of genes attributed to extensive secondary metabolic 
pathways which are presumably responsible for the array of biotransformations and 
bioremediations demonstrated. These secondary metabolic pathways have yet to be 
characterised, and offer numerous targets for drug design as well as synthetic chemistry 
applications. A number of potential genes which could be used for further biocatalysis have 
been identified in the genome of R. rhodochrous ATCC BAA-870, including epoxide 
hydrolases, enantioselective enzymes with a  range of chemistries, Baeyer-Villiger enzymes, 
shikimate pathway enzymes, and even enzymes which may be useful in biofuel production. 
A substantial fraction of genes in the sequenced BAA-870 genome have unknown function, 
and these could be important reservoirs for novel gene and protein discovery. 
 
Integrating data from multiple sources is required to analyse a microbial genome, and the 
genome sequence information can be continuously curated (reviewed, corrected and 
expanded) in order to optimize the annotation. Improving the functional annotation of 
‘hypothetical’ and ‘putative’ genes will discover new enzymes. The genome of R. 
rhodochrous ATCC BAA-870 represents a microbe of considerable biotechnological interest. 
The BAA-870 genome could provide insights into the M. tuberculosis genome, an important 
pathogen. It may also prove a better streptomycetes experimental system due to its 
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The metabolic abilities of the Rhodococcus genus will continue attract attention for industrial 
uses, and further applications of the organism will be identified. Preventative and 
remediative biotechnologies will become increasingly popular as the demand for alternative 
means of curbing pollution increases and the need for new antimicrobial compounds and 
pharmaceuticals becomes a priority. The sequence of the R. rhodochrous ATCC BAA-870 
genome will facilitate the further exploitation of Rhodococci for industrial uses and provide 
numerous sources for new biotechnology projects and applications, as well as enable further 
characterisation of a model biotechnologically relevant organism. 
 
A number of potential genes which could be used for further biocatalysis have been 
identified in the genome of R. rhodochrous ATCC BAA-870, including epoxide hydrolases, 
enantioselective enzymes with a range of chemistries, Baeyer-Villiger enzymes, shikimate 
pathway enzymes, and even enzymes which may be useful in biofuel production. A 
substantial fraction of genes in the sequenced BAA-870 genome have unknown function, 
and these could be important reservoirs for novel gene and protein discovery. 
 
Most of the biocatalytically useful classes of enzyme suggested by Pollard and Woodley 
(Pollard and Woodley 2007) are present on the genome: proteases, reductases, 
nitrilase/cyanohydralase/nitrile hydratase and amidase, transaminase, epoxide hydrolase, 
monooxygenase, cytochrome P450 and haloperoxidase. Only oxynitrilase (hydroxynitrile 
lyase) was not detected. Rhodococci are robust industrial biocatalysts, and the metabolic 
abilities of the Rhodococcus genus will continue to attract attention for industrial uses as 
further biodegradative (Martínková et al. 2009) and biopharmaceutical (Yam et al. 2011) 
applications of the organism are identified. Preventative and remediative biotechnologies 
will become increasingly popular as the demand for alternative means of curbing pollution 
increases and the need for new antimicrobial compounds and pharmaceuticals becomes a 
priority.  
 
The sequence of the R. rhodochrous ATCC BAA-870 genome will facilitate the further 
exploitation of Rhodococci for industrial uses and provide numerous sources for new 
biotechnology projects and applications, as well as enable further characterisation of a 
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to GenBank, and given the BioProject accession number PRJNA78009. The genome sequence 
of R. rhodochrous ATCC BAA-870 is the first rhodochrous subtype to be sequenced. It is the 
seventh rhodococcal genome to be submitted to the NCBI, and the fifth subtype addition. 
 
While the limitations of current sequencing technology are known and debated, the point at 
which the genome assembly and annotation quality is acceptable has to be decided. There 
are currently no known guidelines existing for the presentation of bacterial genome 
sequences, and indeed, the focus on sequencing data quality guidelines for the human 
genome appears to remain a priority in the sequencing research field. The exponential 
increase in submission of new bacterial genomes means that there is also with it an increase 
in the number of poor quality and poorly annotated genomes submitted. At what level is a 
genome good enough to be submitted, or even acceptable to consider it finished? This point 
may be debated, but, for now it is safe to say that the submission of genome data can only 
be as good as the programs used to generate the assemblies and annotations. Assembly and 
annotation of genome sequence data with even the best algorithms will still require many 
hours of manual editing and human insight, at the risk of adding human error by incorrect 
assumption. We can rely on scores of data quality, such as the N50 value, and sequence 
coverage, as an estimate of the completion and quality of the genome sequence, but 
databases do not require the reporting of these values when sequence is submitted. Perhaps 
the real test of quality will be determined by the experimental success achieved when the 























































Chapter Three: Nitrilase 
3.1. Introduction 
 
3.1.1. Nitrilase reaction, superfamily, mechanism and known structures 
 
Nitrilase enzymes form part of a large and diverse superfamily of thiol enzymes that are 
found in all animals, plants, fungi and bacteria (Brenner 2002). Nitrilase enzymes (E.C. 
3.5.5.1) catalyse the direct hydrolysis of aliphatic and aromatic nitriles into the 
corresponding carboxylic acid and ammonia (Equation 3) using a Cys-Glu-Lys catalytic triad. 
 
R-CN + 2H2O → R-COOH + NH3   Equation 3. 
 
Some organisms may have multiple nitrilases from more than one of the thirteen 
superfamily branches (Figure 3.1), and have been classified according to sequence similarity 
and domain presence (Brenner 2002; Pace and Brenner 2001). Figure 3.2 shows the four 
types of reactions carried out by the nitrilase superfamily branches. 
 
 
Figure 3.1: Overview of the nitrilase superfamily of enzymes, showing the 13 branches. 
 
Nitrilases usually occur as homooligomers, and very infrequently monomers, and do not 
contain metal cofactors. The structures of other members of the superfamily, N-carbamyl-D-
amino acid amidohydrolase from Agrobacterium and worm NitFhit, branch 6 and 10 
Nitrilase Superfamily
1. Nitrilase E.C. 3.5.5.1
2. Aliphatic amidase E.C. 3.5.1.4
3. Amino -terminal amidase
4. Biotinidase E.C. 3.5.1.12
5. -ureidopeptidase E.C. 3.5.1.6
6. Carbamylase
7,8. Glutamine -dependent NAD synthetases E.C. 6.3.5.1
9. Apolipoprotein N -acyltransferase
10. Nit
11,12. Distinct similarity groups, no characterised member
12. Rosetta stone proteins (Nit -related amino terminal domain)














Chapter Three: Nitrilase 
enzymes respectively, were independently shown to consist of a tetramer of compact ---
 sandwiches in which two sheets of six -strands form layers between pairs of -helices. 
The superfamily likely utilizes a novel glutamic acid, lysine and cysteine catalytic triad 
(Brenner 2002). Both the lysine and glutamic acid residues have been shown to be 
catalytically essential by construction of stable, inactive mutants with K134N and E59Q 
substitutions, respectively (Novo et al. 2002). Rhodococcus nitrilase characterisation has 
indicated the protein is a thiol enzyme that proceeds via a covalent intermediate (Stevenson 
et al. 1990), and mutagenesis has identified the cysteine nucleophile (Kobayashi et al. 
1992c), as well as confirmed the essentiality of the corresponding cysteine residue in other 
nitrilase superfamily branches (Brenner 2002; Grifantini et al. 1996a). 
 
The nitrilase superfamily enzymes serve diverse roles in nature, including synthesis of 
hormones and other signalling molecules, vitamin and coenzyme metabolism, protein post-
translational modification, as well as roles in the detoxification of small molecules 
(Kobayashi et al. 1997; Kobayashi et al. 1998). There is significant sequence similarity 
between bacterial and plant nitrilases (Kobayashi et al. 1992b). Nitrilases in some plants 
catalyse the conversion of indole-3-acetonitrile into the plant hormone indole-3-acetic acid, 
and are involved in nitrogen recycling and catabolism of cyanogenic glycosides (Piotrowski 
2008). Nitrilases have also been suggested to play a role in endogenous glucosinolate 
metabolism in plants (Janowitz et al. 2009), and may be found in fungi and bacteria that can 
metabolise nitrile-containing herbicides. Nitrilase 1 homologs were suggested to have 
evolved to function in glucosinate metabolism in the plant family Brassicaceae, since they 
display broad substrate specificities and can hydrolyze nitriles from the decomposition of 
typical glucosinolate secondary metabolites (Janowitz et al. 2009). The nitrilase 4 homolog is 
typically involved in cyanide detoxification, converting beta-cyanoalanine into asparagine, 
aspartic acid and ammonia. 
 
Nitrilase (nit) gene products have been described as forming natural fusion proteins with the 
nucleotide-binding protein fragile histidine triad (Fhit). Fhit, an enzyme known to be crucial 
in apoptosis, is encoded as a fusion protein with Nit in invertebrates, and in mice nit1 and 
fhit genes have almost identical expression profiles. The naturally occurring fusion protein, 
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structure solved by Pace et al. (Pace et al. 2000). The fusion of the two enzymes implies a 
functional, but as yet unknown, link of two separate pathways. 
 
 
Figure 3.2: The four reaction types carried out by members of the nitrilase superfamily. 
On the basis of sequence similarity and the presence of additional domains, the superfamily is classified into 13 
branches, nine of which have known or deduced reaction specificity. The nitrilase reaction is carried out by 
branch 1 enzymes. In plants, this includes the production of indole-3-acetic acid from indole-3-acetonitrile. The 
amidase reaction is performed by branch 2-4 amidase enzymes and the nitrilase-related domains of branch 7 
and 8 enzymes which are proposed to be glutamine-specific amidases. Amidase reactions are the most 
frequently observed activities in the nitrilase superfamily. The carbamylase reaction is carried out by branch 5 
and 6 enzymes and is a special case of amidase reaction. The reverse amidase reaction, in which a phospholipid 
fatty acid is transferred to a polypeptide amino terminus, is performed by branch 9 N-acyltransferases. The 
amino-terminal domain of branch 9 enzymes is hydrophobic and has proposed functions in post-translational 
modifications. The reverse amidase reaction occurs in enzymes where the amidase is fused to a transmenbrane 
domain. All nitrilase-related reactions are thought to proceed through acylenzyme intermediates. The reaction 
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3.1.2. Nitrilase mechanism 
 
Nitrilase catalytic properties have been investigated by several groups. The cDNA for a 
number of nitrilases has been obtained, and a comparative amino acid sequence analysis 
reveals the presence of a conserved cysteine residue that is essential for catalytic activity 
(Bartling et al. 1994; Kobayashi et al. 1993a). The function of the conserved cysteine may be 
to act as a nucleophile in analogy to the bound water molecule used for catalysis in the 
metal-containing nitrile hydratases. The formation of an enzyme-bound intermediate upon 
the release of ammonia, and the subsequent hydrolysis of this intermediate to restore the 
cysteine residue, could account for the difference in reaction products from the two distinct 
types of nitrile-metabolizing enzymes. 
 
The generally accepted nitrilase reaction mechanism (Figure 3.3) involves a nucleophilic 
attack on the nitrile carbon atom by a sulfhydryl (thiol) group of a cysteine residue of the 
nitrilase, with a concomitant protonation of nitrogen to form a tetrahedral thiomidate 
intermediate. The imine undergoes hydrolysis to the corresponding ketone while 
protonation of the nitrogen atom results in an ammonia by-product. The acyl-enzyme 
intermediate is hydrolysed by the addition of water and finally the carboxylic acid and 
regenerated enzyme are released (Gong et al. 2012; Kobayashi and Shimizu 1994; Stevenson 
et al. 1990). 
 
A nitrilase isolated from R. rhodochrous ATCC 39484 is reportedly converted to an active 
form by subunit association when incubated with substrate (Stevenson et al. 1992) or when 
in the presence of higher concentrations of enzyme, salt or organic solvent (Nagasawa et al. 
2000). These conditions may result in a hydrophobic effect that changes the conformation of 
the enzyme in such a way so as to expose hydrophobic sites which enable subunit assembly 
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Figure 3.3: A reaction mechanism for a nitrilase reaction requiring a covalent enzyme 
intermediate. 
Figure reproduced from Gong and colleagues (Gong et al. 2012). 
 
 
3.1.3. Biotransformations with nitrilases 
 
Nitrilases, the majority of which are enantioselective (Martínková and Kren 2002), can 
selectively hydrolyse dinitriles (Effenberger and Owald 2001; Kobayashi et al. 1998) as well 
as provide selective nitrile hydrolysis in the presence of labile functional groups (Singh et al. 
2006). Applications of nitrilases have advanced in recent years due to ongoing studies 
detailing their structural (O'Reilly and Turner 2003; Thuku et al. 2009) and catalytic 
properties (Martínková et al. 2008; Martínková and Kren 2010). Industrial nitrilases are used 
in several biotransformations, including the manufacture of biologically active enantiomers 
such as (R)-mandelic acid, (S)-phenyllactic acid, and (R)-3-hydroxy-4-cyano-butyric acid, a key 
intermediate in the synthesis of Lipitor (the blockbuster drug by Pfizer Inc.) (Banerjee et al. 
2002; O'Reilly and Turner 2003). Nitrilases are also used in the production of several other 
high-value compounds, including pyrazinoic acid (Kobayashi et al. 1990b), nicotinic acid 
(Almatawah and Cowan 1999), optically active amino acids (Bhalla et al. 1992) and ibuprofen 
(Yamamoto et al. 1990). Several nitrilases are used by DuPont, Lonza, BASF and Mitsubishi 
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3.1.4. Nitrilase structure 
 
The true nitrilase superfamily branch may have as little as  ~20% amino acid sequence 
identity, with huge variation in their substrate specificities (O'Reilly and Turner 2003). 
Indeed, cyanide degrading nitrilases/ cyanide dihydratases and aliphatic and aromatic 
nitrilases have been subclassified into branches of their own: aliphatic and aromatic 
nitrilases are broad range organic cyanide converting enzymes, whilst the cyanide 
dihydratases only hydrolyse inorganic cyanide. Cyanide hydratases, however, are a nitrilase 
subgroup branch of enzymes that can act as pure nitrile hydratases, since they can convert 
HCN to formamide only (Sosedov et al. 2010). 
 
Nitrilases are typically homooligomers with a monomer size of ~40 kDa. The nitrilase 
monomers associate to form dimers across a conserved -fold. This association to form 
oligomeric complexes happens differently in the different nitrilase superfamily members, 
and nitrilases themselves often form homooligomeric spirals or helices (Thuku et al. 2009). 
 
3.1.4.1. Nitrilase crystal structures 
 
There is no atomic resolution structural data for nitrilases. The crystal structures of nine 
nitrilase-like enzymes have thus far been solved (Lundgren et al. 2008). These include, in 
addition to proteins with unknown function (Chin et al. 2007; Kumaran et al. 2003; Sakai et 
al. 2004), members of the carbamylase (Nakai et al. 2000; Wang et al. 2001), Nit and NitFhit 
(Pace et al. 2000) and aliphatic amidase subgroups (Andrade et al. 2007a; Hung et al. 2007; 
Kimani et al. 2007), and are summarized in Table 3.1. 
 
A nitrilase from a moderately thermophilic bacterium, Bacillus sp. DAC521 is a ~41 kDa 
monomer with ~600 kDa relative molecular mass, suggestive of a ~15-mer complex. The size 
estimates were proposed to be somewhat obscured, however, due to the co-purification of 
a putative GroEL homologue (Almatawah et al. 1999). The nitrilase from Geobacillus pallidus 
RAPc8 (a gram-positive, moderately thermophilic bacterium) was recently described by 














Chapter Three: Nitrilase 
functional purified molecular weight of ~600 kDa by size-exclusion chromatography (without 
GroEL contamination), suggesting the nitrilase from G. pallidus RAPc8 is a functional 16-mer. 
 
Table 3.1: Crystallised members of the nitrilase superfamily 
Nitrilase member PDB code Source species reference 
Nit-fragile Histidine 
triad fusion protein 
1EMS C. elegans (Pace et al. 2000) 




1ERZ Agrobacterium sp. (Nakai et al. 2000) 
 1FO6 A. radiobacter (Wang et al. 2001) 
 1UF4; 1UF5; 1UF7; 
1UF8 
Agrobacterium sp. Hashimoto et al. 
unpublished 
 2GGK A. tumefaciens (Chiu et al. 2006) 
Amidase 2PLQ Geobacillus pallidus 
RAPc8 
(Agarkar et al. 2006) 
(Kimani et al. 2007) 
 3HKX Nesterenkonia sp. (Nel et al. 2011) 
Formamidase 
(AmiF) 
2DYU; 2DYV; 2E2K; 
2E2L 
Helicobacter pylori (Hung et al. 2007) 
 2UXY Pseudomonas 
aeruginosa 





(Kumaran et al. 2003) 
hypothetical protein 1J31 Pyrococcus horikoshii (Sakai et al. 2004) 
Beta-alanine 
synthase 
2VHH; 2VHI Drosophila 
melanogaster 
(Lundgren et al. 2008) 
Supposed nitrilase 3IVZ; 3KI8; 3KLC; 
3IW3 
Pyrococcus abyssi  ge5 (Mueller et al. 2006; 




3DLA M. tuberculosis (LaRonde-LeBlanc et 
al. 2009) 
 3ILV C. hutchinsonii (Palani et al. 2009) 
unpublished 
 
All crystallised superfamily members share a -fold (average root mean square 
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residues are highly conserved (Kimani et al. 2007) but the N- and C-termini share little 
sequence or structural homology (Thuku et al. 2009). All nitrilase superfamily members 
interact across a two-fold symmetric dimer interface referred to as the “A-surface” (Sewell 
et al. 2003), forming an - fold with a characteristic extended shape. All members 
of the superfamily with significant nitrilase activity form helical oligomers (Kaplan et al. 
2011b; Sewell et al. 2003; Thuku et al. 2007; Thuku et al. 2009; Vejvoda et al. 2008; 
Williamson et al. 2010; Woodward et al. 2008). 
 
3.1.4.2. Nitrilase structural reconstructions 
 
The structures of four nitrilase superfamily members have been determined at resolutions 
below 2 Å, but they not form the typical large homo-oligomeric complexes that microbial 
nitrilases do. The low resolution structures of two cyanide dihydratases were determined, 
Pseudomonas stutzeri AK61 (Sewell et al. 2003) and Bacillus pumilus C1 (Jandhyala et al. 
2003), and found to have defined-length spiral structures with 14 and 18 subunits, 
respectively, under optimal activity (pH 7-8). The formation of the spiral structure is 
suggested to be essential for activity (Sewell et al. 2005). Sequence analysis showed that the 
nitrilases differ from the nonspiral-forming homologs by two insertions of between 12 and 
14 amino acids, positioned at an intermolecular interface in the spiral, and a C-terminal 
extension of up to 35 amino acids. The insertions are likely to contribute to spiral formation 
and/or stabilization, and are remote from the active site. Mutations of the interacting 
residues were found to often lead to a loss of activity and could be as a result of impeded 
spiral formation (Sewell et al. 2005). 
 
Three-dimensional maps of several oligomeric nitrilases (Figure 3.4) have been obtained at 
low resolution and combined with homology models in order to identify the amino acids 
potentially involved in interface formation (Thuku et al. 2009). In reconstructed low 
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Figure 3.4: A comparative view of 3D EM reconstructed images of spiral forming oligomeric 
nitrilases studied at low resolution. 
The figure is reproduced from a review of microbial spiral forming nitrilases (Thuku et al. 2009). The five 
depicted structures are, from left to right, the self-terminating 14-mer of P. stutzeri AK61 cyanide dihydratase 
(Sewell et al. 2003), cyanide dihydratase nitrilase helices from B. pumilus C1 (at pH 5.4) (Scheffer 2006) and R. 
rhodochrous J1 (Thuku et al. 2007) respectively, and cyanide hydratases from N. crassa (Dent et al. 2009) and 
G. sorghi (Woodward et al. 2008) respectively. The letters A, C, D, E and F refer to the various surface 
interactions described in the text. 
 
The conserved nitrilase superfamily dimer forms the fundamental unit of oligomerization in 
spiral nitrilases (Sewell et al. 2003). The fibres are left-handed one-start spirals, and all 
structures have a two-fold axes at the dimer interface (the ‘A’ surface), which is found in all 
members of the nitrilase superfamily, in both crystalline and spiral structures. Dimers 
interact with each other across the so-called “C”-interface. A third interaction, the “D”-
interface is formed across the helix after one complete turn of the spiral (Sewell et al. 2003). 
The third interaction may also be referred to as the “F”-interface depending on where it is 
situated (Woodward et al. 2008). An “E”-interface is asymmetric and described only in the 
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3.1.5.  Objectives 
 
Nitrilases have drawn increasing attention for their application in nitrile degradations and 
the generation of products using green chemistry. Nitrilase biocatalysts can be derived from 
numerous sources (plants, yeasts, fungi and bacteria). Applications of nitrilase in industry 
have been successful in the past; however, in-depth structural knowledge and detailed 
catalytic mechanisms of many nitrilases are rare. Application of nitrilase in industry and 
further development of catalytic potential will include rational design and more than a 
superficial understanding of the protein structure. 
 
A nitrilase was identified by sequence mining of the BAA-870 genome, and the further 
understanding of this nitrilase for use as a future biocatalyst was sought. The objectives of 
the study therefore included the molecular cloning and sequencing of the nitrilase gene 
identified in BAA-870, the construction of an expression plasmid for routine over-induction 
of the protein, and a purification protocol for isolation of nitrilase. Further elucidation of the 
structure of the BAA-870 nitrilase at the genetic and protein level is explored by 
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All restriction endonucleases were purchased from Inqaba Biotech, or Novagen. All 
chemicals were of molecular grade and were purchased from Sigma-Aldrich, unless 
otherwise stated. DNA polymerase, ligase and other molecular biology enzymes were 
obtained from Inqaba Biotech. Plasmids and expression strains were purchased from 
Novagen. 
 
3.2.2. Expression, Purification and Identification of wild type nitrilase 
from R. rhodochrous ATCC BAA-870 
 
See Appendix 6.3 for details of plasmids and vectors used for cloning. 
 
3.2.2.1. Expression of wild-type nitrilase 
R. rhodochrous ATCC BAA-870 was grown overnight in tryptone soya broth, and an aliquot 
(1:100 ml) used to inoculate minimal media containing 5 mM benzonitrile. Cells were grown 
at 25 – 30 °C overnight, and harvested by centrifugation at 15 000 x g for 30 min. 
 
3.2.2.2. Cell disruption 
The induced rhodococcal cells were freeze-thawed, and sonicated on ice for a total of 10 min 
(with 0.5 s pulsed sonication over 20 min). Cell-free extract was collected after 
centrifugation of cell debris at 15 000 x g for 30 min, and filtered through a 0.22 m filter. 
 
3.2.2.3. Purification and sequence identification 
Cell free extract (50 ml) was applied to a Q-Sepharose anion exchange column (Amersham 
Biosciences). Equilibration was performed with 100 mM potassium phosphate buffer, pH 
7.4, and protein was eluted using a 0.1 to 1 M KCl linear gradient. Fractions were tested for 
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exchange fractions showing nitrilase activity were purified by gel exclusion chromatography 
using potassium phosphate buffer, pH 7.4, containing 200 mM NaCl. Nitrilase-containing 
fractions were resolved using 12% sodium dodecyl sulphate gel electrophoresis (SDS-PAGE), 
and the appropriate band was cut out of the gel for further analysis by MALDI-TOF mass 
spectrometry. The daughter peptide fragments were compared against protein databases 
using the Basic Local Alignment Search Tool algorithm (BLAST); (Altschul et al. 1990), and 
similar sequences used to determine a strategy for cloning of the nitrilase gene from R. 
rhodochrous ATCC BAA-870. 
 
3.2.3. Nitrilase Activity assays 
 
Nitrile hydrolysis was measured by colorimetric detection of ammonia using the method 
developed by Fawcett and Scott (Fawcett and Scott 1960). Aliquots (5 l) of fractions 
containing nitrilase were reacted at 37 °C for 30 min in 995 l of 50 mM potassium 
phosphate buffer, pH 7.4, and 10 l of a 125 mM nitrile substrate made in ethanol. The total 
reaction volume was 1.005 ml. The reaction was mixed with 40 l each of a 1% phenol 
(made up in 96% ethanol) and 0.5 % sodium nitroprusside solution followed by addition of 
100 l freshly prepared oxidising solution (1 part sodium hypochlorite: 4 parts 20 % 
trisodium citrate, 1 % sodium hydroxide). The reaction was incubated at room temperature 
in the dark for 30 min, and the absorbance measured at 620 nm. The absorbance was 
compared to a standard curve for NH4Cl prepared between 0 and 0.5 mM. One unit of 
enzyme activity is defined as the amount of enzyme needed to produce 1 mol of NH3 per 
minute. 
 
3.2.4. Cloning, Expression and purification of the Nitrilase gene from R. 
rhodochrous for expression in E. coli 
 
3.2.4.1. Polymerase chain reaction 
Primers were designed according to the sequence of R. rhodochrous J1 nitrilase (Kobayashi 
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Forward primer: 5’-ATGGTCGAATACACAAACACATTCAAAGTTG-3’ 
Reverse primer: 5’-GATGGAGGCTGTCGCCCGG-3’ 
 
Amplification of the nitrilase gene was done with Pfu Polymerase (Fermentas, Lithuania) 
using a PeQLab primus 25 thermal cycler (from Biotechnologie GmbH, Germany). Cycling 
conditions were as follows: initial denaturation at 95 °C for 2 minutes; followed by 25 cycles 
of denaturation at 98 °C for 20 seconds, annealing at 60 °C for 15 seconds and extension at 
72 °C for 1 min/kb. Control reactions where primers and the DNA template were omitted 
respectively, were performed. 
 
3.2.4.2. Purification of amplified clone insert 
DNA loading buffer (0.2 M Tris-Cl buffer pH 6.8, containing 10% w/v SDS, 20% v/v glycerol, 
0.05% bromophenol blue, and 10 mM 2-mercaptoethanol) was added to the PCR reactions. 
Samples were loaded into wells of a 0.8 % agarose gel alongside Pstλ DNA marker, and run 
at 100 V. PCR reactions that showed an insert of the correct size were excised from the gel, 
and purified using a QiaQuick gel extraction kit (Qiagen, Germany). The insert was eluted 
using 20 mM Tris buffer, pH 8.0. 
 
3.2.4.3. Blunt-end cloning of insert 
Purified insert was ligated into pJet1.2 blunt clone vector (Fermentas, Lithuania) using T4 
DNA ligase (Fermentas, Lithuania). Ligated insert/plasmid was transformed into E. coli EP300 
and JM109 competent cells and plated on YT-ampicillin agar plates (10 g/L NaCl, 10 g/L yeast 
extract, 16 g/L tryptone and 31 g/L agar, pH 7.5, containing 100 µg/ml ampicillin). Purified 
plasmids (controls and reactions) were digested using BglII, which cuts on either side of a 
blunt-cloned insert in pJET1.2. The insert was restricted from the plasmid for directional 
cloning into an expression vector using the restriction enzymes HindIII and NdeI, purified, 
and concentrated for ligation. Cloning vectors pET20b(+) and pET28a(+) were purified, 
restricted with HindIII and NdeI and dephosphorylated. All restriction digestions were 
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3.2.4.4. Ligation and Transformation 
The amount of vector and genomic DNA required for use in ligation reactions was 
determined, and ligations performed at a 3:1 insert: vector ratio. T4 DNA ligase (from 
Fermentas) was used for the ligation reaction at room temperature for 1 hour. Ligated 
restriction fragment insert-containing vector was transformed into E. cLoni® EXPRESS DUOs 
BL21(DE3) pLysS chemically competent cells from Lucigen® Corporation (USA). Transformed 
strain was plated onto nutrient agar plates containing ampicillin, X-gal and IPTG. Plates were 
incubated overnight at 37 °C. Blue/white screening was used to check for recombinants. 
 
3.2.4.5. Ligation of insert and expression vector 
The Nitrilase insert restricted with HindIII and NdeI was ligated with pET20b(+) and 
pET28a(+) using T4 DNA ligase (Fermentas). The ligated inserts were purified, transformed 
into E. coli EP300 competent cells and plated on LB-ampicillin or LB-kanamycin agar 
respectively. 
 
3.2.4.6. Analysis of recombinant clones 
Confirmation of insert ligation into vector was analysed by restriction digestion using the 
NdeI and HindIII digestion enzymes to restrict the insert from the plasmids, and by PCR using 
the original amplification primers. Selected plasmids containing insert were sequenced by 
Inqaba Biotech (Pretoria, South Africa). 
 
3.2.4.7. Expression of recombinant nitrilase in E. coli 
E. coli BL21(DE3) or E. coli Single Step KRX competent cells (Promega, USA), were cultured at 
37 °C with shaking in LB broth supplemented with 37 g/ml kanamycin. Cultures were grown 
to an OD at 600 nm of ~0.4 before adding IPTG to a final concentration of 1 mM, or in the 
case of Single Step cells, L-rhamnose to a final concentration of 0.1 %, and grown for 4 hours 
at  37 °C or overnight at 25 °C. Cells were harvested by centrifugation (15 min, 8 000 x g) and 
washed twice in 50 mM potassium phosphate buffer pH 7.4. Cell pellets were subjected to a 
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3.2.4.8. Cell disruption 
Cell paste was resuspended in B-PER bacterial protein extraction reagent (Sigma, Germany) 
containing lysozyme and DNase I (Fermentas, Lithuania) at 10 mg/ml and 20 g/ml 
respectively, and incubated for 30 min at room temperature. The resuspended cells were 
sonicated using a Misonix sonicator (from QSonica, USA) for a total of 5 min (with 0.5 s 
pulsed sonication over 10 min). Cell-free extract was collected after centrifugation of cell 
debris at 15 000 x g for 30 min, and filtered through a 0.22 m filter (MilliporeTM, USA). 
 
3.2.4.9. Purification 
Cell-free extract was applied either to a Ni-Sepharose 10/16 column (GE Healthcare) or 
Protino®Ni-TED batch resin (Macherey-Nagel GmbH, Germany) that was equilibrated with 
50 mM potassium phosphate buffer pH 7.4 containing 500 mM NaCl and 40 mM imidazole. 
The column was washed until all unbound protein was eluted. Nitrilase was eluted by a 
linear salt and imidazole gradient, from 50 mM potassium phosphate buffer pH 7.4, to 
50 mM potassium phosphate buffer pH 7.4 containing 500 mM NaCl and 500 mM imidazole. 
Batch purification of expressed nitrilase was done by applying clarified supernatant to 
Protino-Ni resin, and washed and eluted using the manufacturer’s protocol. Nitrilase was 
eluted from the resin using 50 mM potassium phosphate buffer pH 7.4, containing 500 mM 
NaCl and 350 mM imidazole. Nitrilase-containing aliquots were concentrated using a 10 kDa 
cut-off filtration unit, and 10 mL applied to a Sephacryl S200 (16/100 HR) size exclusion 
column that was equilibrated with 50 mM sodium phosphate buffer pH 7.4 containing 
100 mM NaCl. Fractions of eluted nitrilase were assessed for purity by SDS-PAGE, and 
protein concentrations were measured using the standard Bradford protein concentration 
assay (BioRad, USA). 
 
3.2.5. Nitrilase Activity assays 
Hydrolysis of nitrile was measured by colorimetric detection of ammonia using the method 
developed by Fawcett and Scott (Fawcett and Scott 1960) as described above, as well as by 
HPLC. The HPLC method was used to improve accuracy and involved the following 
procedure: Nitrilase-containing aliquots (0.1 ml) were added to 0.3 ml assay mix (50 mM 
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volume of methanol) and reacted for 5 min with shaking (1000 rpm) at 30 °C. Reactions were 
stopped by addition of 1.2 ml acidified stop solution consisting of 60:40 acetonitrile : 
0.1 %TFA mix, centrifuged for 5 min at 13.2 x g to precipitate particulates, and 1 ml 
transferred to a 2 ml HPLC vial. Standard concentration curves of nitriles and corresponding 
acids were constructed between 0 – 5 mM. A Phenomenex Aqua C18 reverse-phased 
column (Phenomenex, USA), 250mm × 2mm, was used with a flow rate of 0.6 ml/min over 
5 min using a 70:30 mixture of acetonitrile : 0.1 % TFA(aq) mobile phase. 
 
 
3.2.6. Microscopy and Modelling 
 
3.2.6.1. Attempted crystallization of nitrilase 
Nitrilase was purified according to the protocol for recombinant nitrilase purification as 
described previously in Section 3.2.4.9. Nitrilase containing fractions were dialysed with 
20 mM Tris-HCl buffer, pH 7.6, containing 50 mM NaCl and concentrated using a 6-8 kDa cut-
off membrane (D-TubeTM Dialyzer Mega from Novagen, USA). Aliquots of purified nitrilase 
were dispensed into 96-well protein crystallization plates using the Mosquito® dispensing 
platform (TTP LabTech Ltd, U.K.) equipped with a Nanolitre pipettor. Nitrilase (1 - 2uL 
aliquots) was added to crystallization wells to a final concentration of 0.5, 2 and 3.2 mg/mL 
containing the relevant buffer screen (Table 3.2), and incubated at room temperature. 
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Table 3.2: Crystallization screens and conditions used for nitrilase 
Screen name Description 
JBScreen Basic 
HTS 
No cacodylate, MES instead. Based on the classic sparse matrix crystallization screen, 
screening a wide range of pH and various salts and precipitants 
JBScreen Classic 
HTS I 
PEG based, cover the most prominent conditions for protein crystallization. Their 
compositions result from mining of literature data of several thousands of crystallized 
proteins. JBScreen represents the selected statistically most successful buffers that yielded 
protein crystals suitable for X-ray diffraction. 
JBScreen Classic 
HTS II 
Ammonium sulphate, MPD, alcohol and salt based 
JBScreen 
PEG/Salt HTS 
screening of PEG 3350 and PEG 5000 MME versus 48 different salts 
JBScreen 
PACT++ HTS 
pH, anion and cation testing in PEG, Systematic screen for pH, anion, cation testing in the 
presence of polyethylene glycol 
KBScreeb 
Membrane HTS 
for hydrophobic and membrane proteins 
JBScreen JCSG++ 
HTS 





Systematic crystallization screen based on pentaerythritol polymers as precipitants 
developed by Ulrike Demmer from the Max-Planck-Institute for Biophysics in Frankfurt. 
Stura Footprint 
Screen 
PACT screen, cation/PEG, anion/PEG, pH/PEG 
 
 
3.2.7. Microscopy of nitrilase 
 
3.2.7.1. Preparation of protein for electron microscopy 
Samples were prepared for elect on microscopy (EM) using conventional negative staining 
procedures. A 3 l drop of purified nitrilase was adsorbed for 30 s to a carbon-coated 400 
mesh copper grid that had been glow-discharged at 25 mA for 30 s. The protein sample was 
washed consecutively with 2 drops of deionised water and stained with 2 drops of 2 % 
uranyl acetate. Excess water and stain was removed by absorption onto Whatman 597 filter 
paper. 
 
3.2.7.2. Imaging of nitrilase 
Samples were imaged at room temperature using a LEO 912 or Philips Tecnai T20 electron 
microscope equipped with LaB6 cathode filaments and operated at an accelerating voltage of 
120 kV or 200kV, respectively. All images were taken at a magnification of 50,000x and a 














Chapter Three: Nitrilase 
using a Proscan Slow Scan 2048x2048 CCD camera and EsiVision Pro 3.2 software from Soft 
Imaging System (GmbH) or 4k4k CCD camera (GATAN US4000 Ultrascan, California, USA) 
for collection on the LEO 912 and Philips Tecnai T20, respectively. All micrographs were 
visually inspected for astigmatism before collection and only drift-free images were selected 
for further processing. 
 
Original stack = 13365 images, Scale: 2Å/pixel, Image dimensions: 100 x 100 pixels, 
Magnification:50K, HT: 200 kV. 
 
3.2.7.3. Picking, filtering and masking  
Images were selected and examined using Boxer (Ludtke et al. 1999). Ring-like particles were 
selected manually and windowed in 100 x 100 pixel boxes at a sampling rate of 2 Å/pixel. A 
total of ~16 000 images were captured. The sample set was analysed manually and filtered 
to a set of ~10 000 images. All selected particles were filtered and normalised to the same 
mean and standard deviation. 
 
3.2.7.4. 2D Averaging and Image Processing 
The EM software platforms used included SPIDER (Frank et al. 1996) and the single particle 
package SPARX version 1.0 with EMAN2 (Baldwin and Penczek 2007; Hohn et al. 2007; 
Ludtke et al. 1999; Tang et al. 2006; Tang et al. 2007)3. 2D Reference-free alignment and 
classification was performed using a high-pass filter applied to images (to reduce noise at 
high spatial frequency). Filtered images were aligned (by applying x-shifts only) using a 
reference-free procedure (AP SR) in Spider. The filtered images were then decimated 
(binned) by a factor of two and subjected to Kmeans classification using the 'AP C' routine in 
Spider. Number of groups (500 classes) was specified such that each class had 10-20 
                                                     
3 Spider: http://www.wadsworth.org/spider_doc/spider/docs/techs/recon/mr.html 
EMAN2:  
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particles images. Using v2 or Jweb in Spider, class averages were assessed and bad classes 
(images) were discarded (>50%). The resultant image stack had 6954 images (not 
decimated). After application of SPIDER, further reference-free alignment was done in 
EMAN2 using same criteria as above. 348 classes were generated. Bad particles were 
excluded at this point to produce a final image stack with 5787 images. In total, 57% of 
image data was discarded (due to bad particles and heterogeneity in the data set). The 
centered images were then masked for subsequent image processing and 3D reconstruction 
both in Spider and EMAN2. 
 
The image stack was assessed by manually assessing/editing using the program v2 in 
EMAN1. Bad particles were manually deleted and a new image stack with ~10000 images 
was generated using program proc2d in EMAN1. Further image assessment was then done in 
EMAN2. 
 
Single particles were selected manually using sxboxer in the SPARX suite of programs 
(Baldwin and Penczek 2007; Hohn et al. 2007). Particles were windowed into 100 x 100 pixel 
boxes. Particles were subjected to rounds of alignment and classification and the Kmeans 
calculated for 12 – 84 classes. Unique averages were selected from the resulting class 
averages and used as the references for cycles of multi-reference alignment (Joyeux and 
Penczek 2002). 
 
Sets of particle images were translationally and rotationally aligned. Alignment was done 
iteratively over many cycles until overall image shifts and rotations no longer decreased over 
further alignment cycles. Aligned images were then classified, and each class was averaged. 
Images in each class were visually compared to the corresponding class average, and 
inspected to verify that images were assigned correctly to the class. Unique classes were 
selected from the averages and used as the reference for multi-reference alignment. Images 
of a data set were cross-correlated with the references and assigned to the reference that 
yielded the highest correlation coefficient, and again averaged. Multi-reference alignment 
was considered complete when no further improvement in the resolution of the averages 
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Initial models of nitrilase oligomers containing 8 and 10-monomers were derived from co-
ordinates of homology models fitted to the reconstruction of the R. rhodochrous J1 fibre 
(Thuku et al. 2007). Density was generated from these co-ordinates and filtered to a 
resolution of 20 Å. This density was projected at 84 equally spaced angles and the resulting 
projections were used to classify and align the images in the stack by multi-reference 
alignment in Spider (Frank et al. 1996). The resulting classes were back projected to create a 
new reconstruction. This procedure was iterated until a stable converged volume was 
achieved. The reconstructed ‘c’ structure of BAA-870 nitrilase was docked into the 8 and 10-
mer model volumes of J1 nitrilase, to determine the likely multimer number for the BAA-870 
nitrilase. Volumes and reconstructions were visualized using UCSF Chimera (Pettersen et al. 
2004). 
 
3D reconstruction using SPIDER: Reference volume was obtained using a 4-dimer model of 
the negative stain density of a nitrilase helix was generated and filtered to 20 Å using Spider 






3.3.1. Wild-type nitrilase purification 
 
Wild-type nitrilase was induced in the native organism by addition of benzonitrile to the 
culture medium. The purification of nitrilase was followed by ammonia assay using 
benzonitrile as substrate to track nitrilase containing fractions. A cell-free extract prepared 
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Figure 3.5: Ion exchange chromatography of cell free protein extract containing wild-type 
nitrilase. 
The Q-Sepharose column was equilibrated with 50 mM potassium phosphate buffer containing 100 mM NaCl, 
pH 7.4, and protein was eluted (blue) using a 0.1 M to 1 M KCl gradient. Nitrilase eluted in fractions 20-30, 
corresponding to 20-30 minutes. 
 
Fractions containing activity against benzonitrile were pooled, concentrated and applied to a 
S300 size exclusion column (Figure 3.6). The nitrilase containing fractions were immediately 
applied to EM grids for negative stain microscopy. 
 
Figure 3.6: Gel filtration chromatography of pooled ion exchange fractions containing 
nitrilase. 
A Sephacryl S-300 HR gel-filtration column (GE-Healthcare, USA) was equilibrated and run using 50 mM 
potassium phosphate buffer, pH 7.4  with 200 mM KCl. Activity against benzonitrile (pink) was consistent with 
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3.3.2. Microscopy of wild-type nitrilase 
 
Benzonitrile activity in the eluted size exclusion fractions coincided with protein eluting at 
size ~608 KDa. The elution size (608 950 Da) corresponds to approximately 15 monomers of 
41 kDa. The J1 nitrilase was shown to form fibres on assembly of subunits (Thuku et al. 
2007), hence the behaviour of wild-type BAA-870 nitrilase was monitored by EM. 
Transmission electron microscopy (TEM) images showed that nitrilase from R. rhodochrous 
ATCC BAA-870 increasingly forms fibres over time, consistent with the nitrilase from R. 
rhodochrous J1 (Figures 3.7). Purified nitrilase was observed to be a mixed species of mostly 
small subunit complexes, with very few long assemblies. Nitrilase stored for 16 days showed 
assembly of subunits into fibres of variable length. When nitrilase was left at 4 °C for more 




Figure 3.7: Wild-type nitrilase purified from R. rhodochrous ATCC BAA-870 forming fibres 
over time. 
TEM grids of the purified gel filtration fractions containing nitrilase were prepared by negative staining with 
uranyl acetate. Purified nitrilase was stored at 4°C and electron micrographs taken over a period of 16 days to 
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Figure 3.8: Nitrilase from R. rhodochrous ATCC BAA-870 forming fibres. 
TEM grids of the purified nitrilase were prepared by negative staining with uranyl acetate. Purified nitrilase was 
stored at 4°C and electron micrographs taken after a period of 30 days to monitor fibre self-assembly. 
 
 
3.3.3. Cloning and expression of recombinant nitrilase 
 
3.3.3.1. Cloning of recombinant nitrilase 
The nitrilase gene was amplified from the R. rhodochrous ATCC BAA-870 genome and blunt-
cloned into the pJET1.2 vector. Clones containing the nitrilase gene were screened by 
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Figure 3.9: Agarose gel (0.8 %) showing amplification of the nitrilase gene from the 
template genome of R. rhodochrous ATCC BAA-870. 
The nitrilase gene (arrow), relatively overloaded on the gel, is 1107 nucleotides. HindIII digested Lambda DNA 
was used as the marker. 
 
Clones containing the nitrilase gene were sequenced and selected for directional expression 
cloning into pET28a(+). The nitrilase gene consists of 1107 nucleotides. The cloned nitrilase 
was BLASTed against a nucleotide database, and a 98% and 97% identity to the nitrilase gene 
from R. rhodochrous tg1-A6 and R. rhodochrous J1 respectively was found (Table 3.3). 
 
Table 3.3: R. rhodochrous ATCC BAA-870 nitrilase BLAST results 
Accession 
number 
Strain and protein description Nucleotide Identities Authors 
EF465367.1 R. rhodochrous strain tg1-A6 
nitrilase gene, complete cds 
1087/1098 (98%) (Luo et al. 2008) 
D11425.1 R. rhodochrous gene for 
nitrilase, complete cds 
1070/1098 (97%) (Kobayashi et al. 1992c) 
 
The translated sequence of the nitrilase gene cloned from R. rhodochrous ATCC BAA-870 was 
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Figure 3.10: Alignment of nitrilases from R. rhodochrous ATCC BAA-870 (Isml), J1 and tg1-
A6. 
The protein identity score is 98.65 % in DNAMAN version 5.2.9 by Lynnon BioSoft©. ClustalW alignment was 
performed using MEGA version 3.1 (Kumar et al. 2004) using a Gonnet protein weight matrix. Redrawn in 
BioEdit Sequence Alignment Editor, version 7.0.5.2 (Hall 1999). Isml Nit, J1 Nit and Tg1A6 Nit refer to nitrilases 
from R. rhodochrous ATCC BAA-870, R. rhodochrous J1 and R. rhodochrous Tg1-A6, respectively. Boxed area 
indicates conservation of sequence. Grey and coloured highlights show conservative and non-conservative 
changes, respectively. 
 
The nitrilase proteins from R. rhodochrous BAA-870, tg1-A6 and J1 share a 98.6% identity. 
Few major differences are observed, and amino acid changes are mostly conserved. For 
example, at position 117, J1 has a valine residue while BAA-870 and tg1-A6 have isoleucine 
(both are aliphatic residues). A major difference is observed between positions 238 and 240, 
a block of 3 consecutive amino acids: the ‘DND’ (Asp-Asn-Asp) of J1 nitrilase corresponds to 
‘ENE’ (Glu-Asn-Glu) in the case of Tg1-A6, all conservative changes, whereas for BAA-870, it 
corresponds to the less conservative “EKE” (Glu-Lys-Glu). The positive Lys mutation at 
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from BAA-870 and tg1-A6 are identical at the C-terminus (Figure 3.11), J1 nitrilase has a His 
at 311 as opposed to Arg, Ala at 318 instead of Pro, and Leu and Ser at positions 328 and 332 
respectively instead of Phe. BAA-870 has an extra 2 amino acids (Asn - His) at the C-terminal. 
 
  
Figure 3.11: Alignment of the nitrilases from R. rhodochrous tg1-A6, J1 and BAA-870, 
highlighting differences at the C-terminus. 
The alignment was performed using ClustalW (Thompson et al. 1994). Isml_Nit, J1_Nit and Tg1A6_Nit refer to 
nitrilases from R. rhodochrous ATCC BAA-870, R. rhodochrous J1 and R. rhodochrous Tg1-A6, respectively. 
Yellow and white highlights indicate conserved and non-conserved amino acid changes, respectively.   
 
3.3.3.2. Expression of recombinant nitrilase in pET28a(+) 
Expression of nitrilase was tested using L-rhamnose induction and IPTG induction. Expression 
of 41 kDa nitrilase was induced using L-rhamnose in single step cells (Figure 3.12). 
 
Standard protein expression using BL21(DE3) and the inducer IPTG was also tested, since 
protein expression routinely is carried out using this protocol (Figure 3.13). L-Rhamnose is an 
expensive chemical, and a cheaper induction protocol was sought after with future high 
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Figure 3.12: Analysis of nitrilase induction by 12% SDS-PAGE showing uninduced vs 
induced nitrilase from multiple clones. 
Nitrilase (indicated by arrow) was expressed from pET28(+) plasmid in E. coli Single Step cells, rhamnose-
induced cells for~3 hrs at 25°C. HPLC of uninduced and induced cell culture shows induced clones are active 
against benzonitrile. Odd lanes: uninduced, even lanes: induced nitrilase. Aliquots (1 mL) of uninduced and 
induced cells were standardised by addition of (OD600 X 100) SDS-PAGE sample buffer. 
 
 
Figure 3.13: IPTG Induction of nitrilase from pET28a(+) using E. coli BL21(DE3). 
Cells were induced at an OD (600 nm)of ~0.3 by addition of 0.1 M IPTG, and grown overnight at 23 °C. Aliquots 
(1 mL) of uninduced and induced cells were standardised by addition of (OD600 X 100) SDS-PAGE sample buffer, 
and analysed by 12 % SDS-PAGE. 
 
Nitrilase from BAA-870 was successfully over-induced using a standard IPTG induction in E. 
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3.3.4. Purification of recombinant nitrilase 
 
Nitrilase expression in the pET28a(+) construct incorporates an N-terminal His-tag, and was 
purified using nickel column chromatography. A quick purification protocol was sought after 
for future industrial purification of nitrilase. Nitrilase could be purified using a two-step 
chromatographic protocol, by nickel column and size exclusion. First, a batch purification of 
nitrilase using the nickel affinity resin, Protino, was tested (Figure 3.14). 
 
 
Figure 3.14: Purification of His-tagged nitrilase using nickel resin batch purification. 
Lane MW, marker; Lane 1, uninduced; Lane 2, induced; Lane 3, cell free extract; Lane 4, flow through; Lane 5 – 
9, Elution fractions from His-tag purification using Protino nickel resin. 
 
Batch elutions (consecutive washes with elution buffer containing 350 mM imidazole) 
containing nitrilase were pooled, concentrated and eluted by size exclusion chromatography 
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Figure 3.15: Elution of nitrilase from Sephacryl S400 size exclusion chromatography, 
following purification by batch His-tag purification using Protino Ni resin. 
Activity against benzonitrile (pink line) was present in both peaks eluting after 250 mL, eluting at sizes between 
600 – 150 kDa. 
 
The size exclusion run was repeated using an S200 Sephacryl size exclusion column. The 
elution profile was the same as that from S400, with two peaks containing nitrilase activity.  
 
 
Figure 3.16: Analysis by 12% SDS-PAGE of purification of recombinant nitrilase. 
Nitrilase was purified by batch nickel resin and size exclusion. Lane 1, first Ni-column elution; Lane 2, second 
nickel column elution; Lane 3, marker; Lane 4, cell free extract; Lane 5, pre-S400 protein sample; Lane 6 and 7, 
purified nitrilase eluted from S400 size exclusion fractions; Lane 9 and 10, uninduced and induced nitrilase from 
BL21(DE3) cells respectively. 
 
The fractions containing nitrilase at lower apparent molecular mass (and hence the pre-fibre 
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using an FPLC PWXL4000 size exclusion column (Figure 3.17). The nitrilase-containing 
fraction eluted by FPLC was shown to be homogeneous by SDS-PAGE (Lane 9, Figure 3.18), 
and further used for imaging by EM. 
 
 
Figure 3.17: Nitrilase elution by FPLC size exclusion chromatography. 
Nitrilase was induced in E. coli BL21, and purified by His-tag purification prior to purification by S200 size 
exclusion column chromatography. Nitrilase containing fraction were pooled, concentrated and subjected to a 
further round of size exclusion using an HPLC PXWL 4000 column.The column was equilibrated and eluted with 
50 mM sodium phosphate buffer, pH 7.4, containing 100 mM NaCl. The nitrilase elution is indicated. 
 
Figure 3.18: Analysis by 12% SDS-PAGE of purification of nitrilase using size exclusion 
chromatography. 
Lanes 1 and 7, marker; Lane 8 and 9, dilutions of pure nitrilase eluted from S400 size exclusion 
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In order to deduce whether the nitrilase from BAA-870 also undergoes a C-terminal 
truncation via autolysis, a fraction of purified nitrilase that was stored at 4 °C for more than 
one week (and noted to be precipitated and collected on the bottom of a glass fraction tube) 




Figure 3.19: Analysis by 12% SDS-PAGE of recently purified nitrilase and precipitated 
nitrilase incubated for several days. 
Nitrilase was purified using affinity and size exclusion chromatography. Lane 1: Freshly purified nitrilase. Lane 
2, nitrilase stored for 7 days at 4 °C (resuspended precipitate). 
 
It is likely, as observed from a shift in size of band as analysed by SDS-PAGE, that the BAA-
870 nitrilase also undergoes autolysis before polymerization into fibres. Purified nitrilase is 
active against both benzonitrile, used as a control substrate measurement throughout 
purification steps, as well as against 3-cyanopyridine (data not shown). 
 
3.3.5. Nitrilase Crystallization attempt 
 
Several crystallisation screens yielded crystals and also precipitates, of which the most 
promising is shown (Table 3.4) since this condition yielded large crystals at all concentrations 
of nitrilase tested. Unfortunately, however, these crystals did not diffract, and hence no 
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Table 3.4: Most promising result of nitrilase crystallization 
Condition* Image 
10% w/v PEG 6000 
100 mM bicine 
pH 9 
 
*Using the JBScreen JCSG++ HTS from Jena Bioscience. 
 
 
3.3.6. Electron microscopy and reconstruction of recombinant nitrilase 
 
Microscopy of recombinant expressed nitrilase from R. rhodochrous ATCC BAA-870 revealed 
that the protein forms ‘c’-shaped oligomers in the pre-fibre form (Figure 3.20). 
Figure 3.20: Low-dose electron micrograph of purified recombinant nitrilase from R. 
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The negatively stained ‘c’-shaped oligomers of BAA-870 were picked into 100 x 100 pixel 
boxes and manually ‘cleaned’ by viewing the shapes and representative class averages 




Figure 3.21: Representative class averages after K-means classification using SPIDER (top) 
and EMAN (below). 
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Figure 3.22: Views of various boxed (100 x 100 pixel) single particles of homogeneous 
purified recombinant oligomeric nitrilase from R. rhodochrous ATCC BAA-870 oligomers.  
Single particles were boxed using sxboxer in the SPARX suite of programs (Baldwin and Penczek 2007; Hohn et 
al. 2007). 
 
The reference volume was projected into 83 views and a reconstructed volume model made 
(Figure 3.23). 
 
The reconstructed volume of the BAA-870 nitrilase was scaled and viewed using UCSF 
Chimera (Pettersen et al. 2004), and the resulting structure docked into volumes of the J1 
fibre of varying length. The 8-mer docking was the closest structural volume fit. The ‘c’-
shaped oligomer, therefore, likely consists of 8 nitrilase subunits and is arranged in a left-
handed helix, as deduced by docking of the model into an 8-mer volume from the 




















Figure 3.23: Views (top and side) of the reference volume that was projected into 83 views 
using Spider routines. 
Top – top and side views. Bottom – 83 views from Spider. Volumes of reconstructed models of recombinant 
nitrilase oligomeric ‘c’ structures depicted using UCSF Chimera (Pettersen et al. 2004). 
 
Figure 3.24: Volume of recombinant nitrilase oligomer docked into a modelled 8-mer of 
nitrilase from J1.  
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3.3.6.1. 2D multireference alignment (MRA) 
The image stack (5787) was aligned to the reference projections using the 'AP SH' routine in 
Spider. This procedure generated a parameter doc file and an aligned image stack (Figure 




Figure 3.25: Gallery of aligned and masked images of c-shaped rhodococcal nitrilase. 
 
For all projections, all aligned particles of a given reference view were averaged together 
(Figure 3.26). In cases where there were no images assigned to a single view of the 



















Figure 3.26: Assignment of images to corresponding projections (47) of the reference 
volume after MRA. 
Top – reference volume. Middle - average of particles matching the assigned views. Views without images 
assigned to them were replaced with a blank. Bottom – Map of angular coverage. Numbers in the circle denote 
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Further particle selection was made by first identifying an appropriate cross-correlation 
value and then selecting a correlation cut-off threshold to reject some particles (Figure 3.27). 
About 5% of the particles with low cc values were discarded before 3D reconstruction. 
 
 
Figure 3.27: Cross-correlation of the particles with projected views of the reference 
volume. 
A cc threshold of 1000 was applied to exclude ~5% of poor images. 
 
 
3.3.6.2. 3D reconstruction and refinement 
The selected aligned particles (5718) were used to create an initial 3D volume of the c-
shaped rhodococcal nitrilase via projection matching in Spider (Shaikh et al. 2008). The initial 
volume was refined repeatedly by decreasing the angular steps for reference projections 
during each cycle (Cong and Ludtke 2010). This gives the data particles a chance to find a 
better approximating reference match for each iteration ('settle in') and find better fitting 
angles than the initial choices. A total of 7 iterations of refinement were executed (Figure 
3.28). The resolution of the final reconstruction was estimated by splitting the particle 
images into two equal sets and comparing the two resulting volumes. The two volumes were 
then merged into the final reconstruction which was then filtered to the calculated 
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Figure 3.28: FSC curves for all seven refinement cycles. 
 
 
Figure 3.29: Reconstructed left-handed, c-shaped R. rhodochrous ATCC BAA-870 nitrilase. 


















Chapter Three: Nitrilase 
3.3.6.3. 3D reconstruction using EMAN2 
 
The masked images (5787) and reference model (Figure 3.23) were imported via the 
e2workflow.py interface in EMAN v2.05 for 3D reconstruction and refinement. MRA was 
performed by projecting the reference volume at an angular distribution of 15, cross-
correlating each image with these projection views and back projection into an initial 3D 




Figure 3.30: Views of the initial 3D volume which was used for further 3D refinement using 
e2refine.py in EMAN2. 
 
Further 3D refinement was performed by generating more views (angular spacing = 2.5) and 
cross-correlating these with the image data. During each refinement cycle, only the ‘good’ 
particles (determined using a sigma cut-off of 0.8 in each class) were back projected on the 
basis of the cross-correlation score. This process was computationally intensive and takes ~8 





















Figure 3.31: Representative gallery of final class averages after iterative cycles of 
refinement and views of the final 3D reconstruction. 
A representative gallery of fi al class averages after four iterative cycles of refinement (top).Views of the final 
3D reconstruction (without imposing two-fold symmetry) following refinement of the initial volume with 
EMAN2. There are 9-10 subunits (~5 dimers due to possible partial occupancy in the terminal dimers of the 
molecule) forming the 1-start left-handed c-shaped oligomer.  
 
 
3.3.6.4. Generation of an initial model using 2D reference class 
averages and subsequent 3D refinement 
 
Using e2initialmodel.py, an initial model was generated from class averages (a subset of 
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reference free alignment. The symmetry for the particle was defined as dihedral (D1). This 
process starts with random pattern of blobs and does a full single particle refinement using 
the class averages. The algorithm generated ten random models. Each model was evaluated 
for how well its 2D projections agree with the class averages obtained from the reference 






Figure 3.32: Representation of pairs class average and model projection images, and views 
of the best initial model generated from reference-free 2D class averages. 
Top - a representation of pairs of images: class average on the left and model projection on the right. These 
show good agreement and suggest that the starting model (bottom) resembles the actual structure of the 
rhodococcal nitrilase. Bottom – side, top and staggered view of the best initial model generated by EMAN2 
from reference-free 2D class averages. Out of the 10 models generated, this was considered best because it 
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The initial model was refined against the data using e2refine.py. The model was projected 
every 2.5 and each projection was cross-correlated with the raw data. Classification was 
performed during each cycle of refinement and poor class images were excluded (on basis of 




Figure 3.33: Representative set of final class averages after 3D refinement using EMAN2. 
 
The particle outer diameter was measured to be ~11.4 nm. There are ~5 dimers suggesting 
that the c-shaped nitrilase could form either an octamer or a decamer. The closure of the 
spiral oligomer does not occur probably because there is not enough space between the 
terminal subunits to accommodate addition of another subunit. Furthermore, the presence 
of an extended carboxy-terminus would prevent closure due to steric hindrance in the 
centre of the molecule. 
 
3D refinement converged to the same structure obtained using the Spider model (Figure 
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Figure 3.34: The final structure of Rhodococcus rhodochrous ATCC BAA-870 nitrilase. 
Representative views of the negative stain density of the c-shaped oligomer (A) correspond to 2D class 
averages (B). The density of each dimer and a two-fold axes located at the ‘A’ surface (perpendicular to the 
spiral axis) can be identified. There are ~5 dimers in the c-shaped left-handed spiral. 
 
 
3.3.6.5. Resolution of 3D reconstruction 
The quality of the reconstruction was assessed by splitting the raw data set into two halves 
and running full refinement for each half data set with starting models whose resolution was 
randomized to 25 Å. This procedure was executed in the EMAN2 software package using 
e2refine_evenodd.py algorithm which performs a ‘gold standard’ resolution test. The 
resolution of the final negative stain density was determined at FSC0.5 to be 16 Å (Figure 
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Figure 3.35: The resolution (FSC = 0.5) of the 3D refined map of Rhodococcus rhodochrous 
ATCC BAA-870 was determined to be 16 Å. 
 
 
3.4. Discussion and conclusions 
 
In summary, the wildtype BAA-870 nitrilase was expressed by nitrile induction in minimal 
media and the formation of fibres from pure nitrilase was observed over time. This behavior 
was similar to that reported in J1 nitrilase (Thuku et al. 2007). The nitrilase was then 
amplified from the genome and cloned for heterologous expression. Both the wildtype and 
cloned nitrilase were purified. The gene sequence confirmed a high percentage similarity to 
J1 nitrilase at the sequence level. Electron microscopy of the pre-fibre form of BAA-870 
nitrilase showed a c-shaped particle, which was further clarified by reconstruction. The BAA-
870 nitrilase was found to be similar, but not identical to, the J1 nitrilase. Nitrilase 
expression in the pET28a(+) construct incorporates an N-terminal His-tag, however, and like 
the J1 nitrilase, it is likely that BAA-870 nitrilase also undergoes a C-terminal truncation via 
autolysis (which should be confirmed via mass spectrometry). The oligomerization into c-
shaped particles, and further oligomerization into fibres, does not appear to be impacted by 
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The first nitrilase superfamily crystal structures were N-carbamyl-D-amino acid hydrolase 
from Agrobacterium (PDB code 1ERZ) (Nakai et al. 2000), and the C. elegans NitFhit protein 
(PDB code 1EMS) (Pace et al. 2000). Both were found to exist as tetramers. Subsequently 
members of the superfamily which formed dimers and hexamers having 32 symmetry were 
crystallized. The most interesting crystal structure for the present work is that of beta 
alanine synthetase which forms a helical ramp comprising eight monomers (Lundgren et al. 
2008). Crystallization attempts of the pre-fibre form of nitrilase from BAA-870 using a variety 
of buffers failed to produce viable crystals for x-ray diffraction studies. Promising needle-like 
crystalline objects were obtained from 10% w/v PEG 6000, 100 mM bicine, pH 9. Although 
no diffraction was obtained from these, they represent a starting point for further 
optimization. 
 
EM of negatively stained molecules offers several advantages however, when no crystal 
structure is available. Negatively stained images offer increased signal-to-noise ratio allowing 
the molecule’s finer detail to be visualised and random orientations of the molecule can be 
captured and computationally combined. The purification of nitrilase to homogeneity was 
crucial so that only identical molecules are combined to form the 3D reconstruction.  
 
The nitrilase from R. rhodochrous ATCC BAA-870 was verified to have 98 % identity with that 
from R. rhodochrous J1 by mass spectroscopic analysis of wild-type purified nitrilase and by 
sequence analysis of the cloned nitrilase. Nitrilase was expressed in the native organism as a 
600 kDa complex which matured over time to form long fibres. The nitrilase gene was cloned 
in an N-terminal His-tagged expression plasmid pET28a(+). The recombinantly expressed 
protein could be purified in a pre-fibre homogeneous form, shown by negative stain EM to 
be ‘c’-shaped particles. Images of these particles were recorded by negative stain electron 
microscopy and they were reconstructed in three dimensions which verified that they were 
octamers. When left for an extended time, the octamers assemble into long fibres, as 
observed with the nitrilase from Rhodococcus rhodochrous J1. 
 
The G. pallidus RAPc8 nitrilase is similar to some bacterial and several plant nitrilases, with a 
greater sequence similarity to plant, than to other bacterial nitrilases. It has been suggested 
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organism’s taxonomy due to ecological associations which resulted in horizontal gene 
transfers amongst eukaryotic and prokaryotic kingdoms (Pace and Brenner 2001; Podar et al. 
2005). Negative stain EM of G. pallidus RAPc8 nitrilase showed heterogeneous isoforms of 
nitrilase: protein complexes that were “crescent-formed”, “c-shaped”, “circular” and 
“figures-of-8” with models suggesting the various complexes were composed of 6, 8, 10 and 
20 subunits, respectively. Class averages showed 3 distinct open and closed ring forms, 
suggesting there was a progressive elongation of the oligomers along a helical ramp. These 
assembly stages culminated in the closed, circular structure, with two such circles 
associating at staggered ends to form the “figure-of-8”. 
 
The structural oligomerisation of BAA-870 nitrilase appears to display only the ‘c’-shaped 
complex, and the larger fibre helices. The ‘c’-shaped octomer appears to closely resemble a 
nitrilase homologue, -alanine synthase from Drosophila melanogaster, which has also been 
shown to form eight-monomer helices (Lundgren et al. 2008). When the structural 
coordinates of -alanine synthase from D. melanogaster deposited in the PDB (Lundgren et 
al. 2008) are used to generate projections using SPIDER (Frank et al. 1996), the overall shape 
of the “c” is remarkably similar to the nitrilase from R. rhodochrous ATCC BAA-870 and the 
nitrilase from R. rhodochrous J1. -Alanine synthase from D. melanogaster is a 
homooctomeric assembly in the shape of a left-handed helical turn in which tightly packed 
dimers are related by a two-fold symmetry. -Alanine synthase shares the nitrilase -
fold, but it has an extended N-terminus due a number of additional secondary structural 
elements. It also contains the conserved Cys, Glu, Lys catalytic triad residues. The octomeric 
spiral is left-handed. 
 
Nitrilase from R. rhodochrous J1 also forms “c-shaped” oligomers of 480 kDa. Autolysis of a 
39-amino acid C-terminal fragment causes the oligomers to rearrange into helices (Thuku et 
al. 2007). The “c-shaped” helical ramps of R. rhodochrous J1 formed by the truncated 
monomers, have an axial rise per dimer (Δz) of 15.8 Å and a rotation per dimeric subunit 
(Δφ) of -73.5° (Thuku et al. 2007). Nitrilase from R. rhodochrous ATCC BAA-870 is proposed 
to be structurally highly similar to the structure of J1, based on the sequence identity and 
observed fibre formation over time. The outer diameter of the R. rhodochrous ATCC BAA-
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fibres with molecular masses of over 1.5 MDa (Thuku et al. 2007). The BAA-870 fibres have 
diameters of 95 – 130 Å. 
 
The modelled -alanine synthase from D. melanogaster oligomer has a comparable diameter 
of ~120 Å and a smaller pitch of 65 – 70 Å (Lundgren et al. 2008). The 39 C-terminal residues 
that are truncated in R. rhodochrous nitrilases, causing fibre formation, are not present in 
the D. melanogaster -alanine synthase sequence which has its last native residue in the 
subunit terminating at the concave, inner surface if the homooctamer. 
 
For the Rhodococcus rhodochrous J1 nitrilase to form long helices, it is necessary for the 
residues beyond 327 in the C-terminus to be truncated (Thuku et al. 2007). If the C-terminal 
truncation does not happen, the J1 nitrilase also forms ‘c’-shaped oligomers similar to those 
of the D. melanogaster -alanine synthase (Lundgren et al. 2008). It is likely that a truncation 
of the C-terminus also happens in the nitrilase of BAA-870, as suggested by SDS PAGE 
observation after purified nitrilase is left for some time, although this should be confirmed 
by mass spectrometry to rule out the actions of contaminating proteases. A sequence 
alignment of spiral forming nitrilases showed that the C-terminal residues are not conserved 
(Thuku et al. 2009). The C-terminal region may therefore have two roles in spiral formation; 
to facilitate spiral formation by playing a positioning residues and strengthening interactions 
at the interfaces, or by interaction with structurally adjacent residues located at or near the 
active site, influencing the activity and stability of the spiral. Removal of residues from the C-
terminus could remove effects of additional steric hindrance which may otherwise prevent 
the ‘c’-shaped oligomers from forming complete turns to form fibres. 
 
Purified recombinant nitrilase is active against the aromatic nitriles benzonitrile and 3-
cyanopyridine (nicotinonitrile). Nitrilase-mediated bioconversion of 3-cyanopyridine is an 
attractive method for production of nicotinic acid (Vitamin B3). Recently, a recombinant 35.8 
kDa nitrilase from Alcaligenes sp. ECU0401 was found to enantioselectively hydrolyze 
racemic mandelonitrile to (R)-(-)-mandelic acid, with applications for future production of 
(R)-(-)-mandelic acid by this highly thermostable enzyme (Zhang et al. 2010b). Further 
characterization of the substrate specificity can now be carried out, and the enantioselective 
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Over the last two decades, the Rhodococcus rhodochrous J1 nitrilase has been the most 
reported and well-known of the industrially relevant nitrilases (Kobayashi et al. 1989; 
Kobayashi et al. 1992c; Komeda et al. 1996c; Nagasawa et al. 2000; Thuku et al. 2007), but 
despite this success, it is surprising that there have been no reports of industrial applications 
of pure isolated J1 nitrilase. Only whole cell applications of nitrilase activity in R. rhodochrous 
J1 resting cells have been used industrially, for example the production of nicotinic acid and 
pyrazinoic acid (Kobayashi et al. 1990a; Mathew et al. 1988). Given the aromatic substrate 
preference of Rhodococcus rhodochrous BAA-870 nitrilase, the similarities of Rhodococcus 
rhodochrous J1 and Rhodococcus rhodochrous BAA-870 nitrilases, and the availability of an 
expressed and easily purified Rhodococcus rhodochrous BAA-870 nitrilase, perhaps the 
success of a large-scale industrial process such as those employing J1 nitrile hydratase can be 
repeated (large-scale nicotinamide production by Lonza, China, and (R)-(-)-mandelic acid 
production by Mitsubishi Rayon in Japan and BASF in Germany. 
 
Spiral and fibre forming features in a protein can make the structural characterization 
relatively difficult and therefore perhaps the rhodococcal nitrilase structural characterization 
has lacked. For example, the 4.9-fold screw axis of the Rhodococcus rhodochrous J1 nitrilase 
fibre precludes crystallization in 3D. It is still possible however, that the c-shaped particle 
could be crystallized, and perhaps an atomic resolution crystal structure obtained. This study 
presents a full 3D reconstruction of the Rhodococcus rhodochrous BAA-870 nitrilase c-
shaped oligomer, whereas in the case of the Rhodococcus rhodochrous J1 nitrilase structure 
only 2-D averages of two different projections have been reported (Thuku et al. 2007). There 
is still active and ongoing research supporting the case for finding new nitrilases for 
industrial processes and green chemistry alternatives (Gong et al. 2012; Kaplan et al. 2011a; 
Martínková and Kren 2010; Thuku et al. 2009). In future, a better structural understanding of 
the mechanisms governing nitrilase fibre formation could be used to control industrial 
reactions advantageously; for example, by engineering the enzyme behavior for controlled 
oligomerization of the fibre for industrial reactions, or by inducing immobilization of stable 
fibres onto substrates. In future, protein engineering of the nitrilase active site may also be 














































Chapter Four: Nitrile Hydratase 
4.1. Nitrile hydratase 
4.1.1. Introduction 
 
Nitrile hydratases, E.C. number 4.2.1.84, are metalloenzymes found in actinomycetes. The 
catalytic centre contains noncorrin cobalt (Kobayashi et al. 1991; Payne et al. 1997; Yamaki 
et al. 1997) or a nonheme iron ion (Ikehata et al. 1989; Nishiyama et al. 1991), referred to as 
Co-type and Fe-type, respectively. In Co-type NHase there is one Co ion in each -subunit. 
The postulated role for Co is in water activation, CN-triple-bond hydration and protein 
folding. Co-type NHase enzymes have a maximum absorption at 410 nm with no corrin 
absorbance in visible spectrum. There is a high sequence similarity between Co and Fe 
NHases, and both contain the characteristic ‘CXXCSC’ amino acid sequence motif in each 
alpha subunit. The side chains of 3 Cys residues and main chain amide nitrogens of both 
serine and the third cysteine residue in the motif are ligands in the iron centre of 
Rhodococcus sp. R312 (studied by X-ray crystallography) (Huang et al. 1997). 
 
4.1.1.1. Low versus high molecular mass nitrile hydratase 
Two forms of cobalt-containing nitrile hydratase from R. rhodochrous J1 have been 
described (Kobayashi et al. 1991), a low molecular mass (L-NHase) and high molecular mass 
(H-NHase) nitrile hydratase. L-NHase is a ~130 kDa protein containing 2 alpha and 2 beta 
subunits, with one Co ion per alpha/beta pair of subunit. L-NHase can be selectively induced 
using cyclohexanecarboxamide in the presence of Co ions. H-NHase is a 520 kDa multimer 
containing 9/10 of each subunit, and can be induced using urea in presence of Co. The nitrile 
hydratase cloned from R. rhodochrous ATCC BAA-870 shares identity with the low molecular 
mass nitrile hydratase of R. rhodochrous J1. L-NHase has been used in the industrial 















Chapter Four: Nitrile Hydratase 
H-NHase and L-NHase are both composed of alpha and beta subunits, but the alpha and beta 
subunits of L- and H-NHase differ. H- and L-NHase can be selectively induced using urea and 
crotonamide, respectively (Kobayashi et al. 1991). Full alignment of H-NHase and L-NHase 




Figure 4.1: Alignment of the alpha and beta subunits of L- and H-NHase from R. 
rhodochrous J1. 
 
Compared to the L-NHase gene, H-NHase has an extra 40 nucleotides on the N-terminal end, 
and an extra 146 nucleotides on the C-terminal end. The active site amino acid residues 
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cobalt ion involved in enzyme activity is contained in the alpha subunit. Alignments of the 
alpha subunits of L- and H-NHase show both conservative and non-conservative amino acid 
changes, as well as sequence insertions (Figure 4.2). It is possible that horizontal gene 
transfer, and gene duplication, has taken place during the evolution of the organism. 
 
Figure 4.2: Partial ClustalW alignment of the alpha subunits of low and high molecular 
mass nitrile hydratase from R. rhodochrous J1 showing the conserved active site residues 
“CTLCSC”. 
The alignment was generated using ClustalW (Thompson et al. 1994) in the DNAMAN sequence analysis 
programme (Lynnon Corporation). 
 
 
4.1.1.2. Cobalt versus Iron containing nitrile hydratase 
The properties of metal-containing NHases have been reviewed in detail (Kobayashi and 
Shimizu 1998) and the catalytic mechanism is likely similar for all. An iron-containing NHase 
isolated from Rhodococcus sp. N-774 has been characterised by biochemical and genetic 
methods, and shown to be an ()2 dimer. The  and  subunits, as calculated from their 
amino acid sequences, are roughly 22 870 and 23 850 Da, respectively.  
 
The alpha and beta subunits of nitrile hydratase have no amino acid similarity to each other, 
but each subunit has highly similar amino acid sequences to other alpha and beta subunits. 
Fe- and Co-type NHases have similar structures, but bind only their specific metals (Nojiri et 
al. 2000). It is unknown why this is so and there is only one report of experimental metal 
substitution in NHase (Miyanaga et al. 2004). Fe-type NHase can be cultured without 
addition of iron to the medium or coexpression of the Fe-NHase activator, and cobalt will be 
incorporated into the catalytic site, but cobalt substituted Fe-type NHase shows very little 
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Most Co-NHases show a high affinity for aromatic nitriles whereas Fe-type NHases mostly 
hydrate aliphatic nitriles, with some exceptions. The substrate binding pocket of Co-type 
NHase seems to be bigger, and may account for the apparent substrate difference (Figure 
4.3). The ion coordination cluster region in the alpha subunit consists of 3 cysteine residues 
and one serine that are particularly highly conserved, and two arginine residues in the beta 
subunits. Co-type NHase does not exhibit the unique photoreactivity that Fe-type NHase 
exhibits, which binds nitric oxide (NO) molecules (Bonnet et al. 1997; Endo et al. 1999b; 
Odaka et al. 1997). In Fe-type NHase post-translational modification of 2 cysteine residues to 
cysteine-sulfinic acid and cysteine-sulfenic acid, forming a claw-like setting, is essential for 
association with NO and subsequent photoactivation (Endo et al. 2001; Murakami et al. 
2000; Nagashima et al. 1998b; Piersma et al. 2000). 
 
Co-type NHase has also been seen to have the claw-like setting with two modified cysteines 
coordinating to the cobalt ion (Co-type NHase at 1.8 Å resolution: (Miyanaga et al. 2001)). 
The proposed mechanism of action is based on the formation of an imidate as a reaction 
intermediate before being converted to an amide product (Kobayashi and Shimizu 1998). It 
was found that 2 Arg residues (Arg52 and Arg157, conserved in the beta subunit of 
NHase) formed 4 H-bonds with the modified oxygen atoms, thought to stabilize the claw 
setting. In Fe-NHase, mutation of the codons for these 2 Arg to those encoding other amino 
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Figure 4.3: The active site of cobalt-containing nitrile hydratase from P. thermophila 
(Protein Data Bank code IRE). 
The active site contains a six-coordinate trivalent metal ion, with thre  cysteine sulfurs, two amide nitrogens, 
and one water molecule. Cys111 and Cys113 is post-translationally modified to cysteine sulfinic acid and 
cysteine-sulfenic acid respectively. The image was generated from PDB code 1IRE (Miyanaga et al. 2001), by 
Mitra and Holz (Mitra and Holz 2007) and is reprinted as it appears in Mitra, S. and Holz, R. C. (2007). 
 
4.1.1.3. Fe- versus Co-type nitrile hydratase active site conserved 
sequence 
The conserved active site sequence of NHase is “C(T/S)LCSC(Y/T)”. Fe-type NHase displays 
the active site sequence ‘CSLCSCT’ while Co-type NHase is ‘CTLCSCY’. The serine/threonine 
side chain differences are proposed to play an important role (Payne et al. 1997), however 
no mutational studies on these residues have confirmed this. In Co-type NHase, T and Y 
correspond to Thr109 and Tyr114, while in Fe-type NHase, S and T correspond to Ser109 
and Thr114. In Co-type NHase, Thr109 has a hydrophobic interaction with the side chain 
of Val36 (the distance between the C2 atom of Thr and C1 atom of Val is 3.7 Å), but in Fe-
type NHase, the side-chain of the corresponding Ser does not interact with Val. Tyr114 is 
also located near the Cys cluster region. In Co-type NHase, the OH of Tyr114 forms an H-
bond with main-chain O atoms of Leu119 and Leu121 via a water molecule. The Tyr114 
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corresponding Thr, Thr115, forms an H-bond with the main-chain O atom of Ser (Ser113) 
in the cysteine cluster. The conformation of the cysteine cluster in Fe-type NHase differs 
compared to Co-type NHase, since the H-bond seems to pull Ser113 closer to Tyr115, 
making the Cys region conformation slightly more open. 
 
4.1.1.4. Fe- versus Co-type nitrile hydratase activators 
Fe and Co-type NHase activator proteins (also referred to as ‘beta subunit homologs’ and 
NHase ‘chaperones’) are not homologous, and their functions are believed to be different 
(Lu et al. 2003; Nojiri et al. 1999; Wu et al. 1997). Fe-type NHase activators show significant 
similarity to ATP-dependent ion transporters. Co-type activators have a slight similarity to 
the  subunit of NHase, and would likely assist in formation of active site centre during 
protein folding/maturation steps. The chaperone of Co-NHase may incorporate the metal 
ion at the active site to prevent formation of a disulphide bond (which forms readily under 
oxidative conditions) and facilitate the correct oxidative modification of the active site Cys 
residues. 
 
4.1.1.5. Nitrile hydratase crystal structures 
Excluding two eukaryotic isopenicillin N-synthase structures (Ge et al. 2008), there are 39 
bacterial NHase X-ray crystal structures deposited in the PDB. Various NHase crystal 
structures have been obtained, including the apoenzyme of cobalt-containing nitrile 
hydratase (Miyanaga et al. 2004) shown in Figure 4.4, a thermophilic Bacillus smithii nitrile 
hydratase (Hourai et al. 2003), and nitrile hydratase complexed with nitric oxide (Nagashima 
et al. 1998a) or cyclohexyl isocyanide (Nojiri et al. To be published) (Table 4.1). All protein 
ligands to the iron in ferric NHase are provided by the  subunit, and there is one iron atom 
per  unit. There is no crystal structure of a wild-type NHase with a nitrile or amide 
substrate at the active site, although Hashimoto and Nojiri have successfully crystallised 
NHases with the isonitriles tert-butyl isocyanide (Hashimoto et al. 2008) and cyclohexyl 
isocyanide (Nojiri et al. To be published) respectively.  Known NHase ligands are nitric oxide 
which binds reversibly to Fe-type NHase in a photosensitive manner (Huang et al. 1997; 
Nagashima et al. 1998b), and the inhibitors 1,4-dioxane, n-butyric acid (Miyanaga et al. 
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despite the apparent abundance of rhodococcal NHase enzymes in general, there is no Co-
type NHase structure reported that has been isolated from a Rhodococcus. This would 
suggest that groups researching NHase have not attempted to crystallize the enzyme 
(unlikely), or more likely, that the enzyme may be a difficult crystallization target. 
 
The  subunit of NHase has the primary amino acid sequence motif Cys-X-X-Cys-X-Cys. The 
observed amino acid motif and iron stoichiometry is comparable to the motif that provides 
two of the four cysteine ligands in the rubredoxin iron site, suggesting that the active site 
resides in the  subunit. It has been shown, through separation of the two subunits, that 
iron is present in the  subunit but not the  subunit (Okada et al. 1996). 
Figure 4.4: Ribbon representation of cobalt-containing Nitrile Hydratase from Nocardia sp. 
The enzyme is shown as a homotetramer made up of the  asymmetric unit. The image was modelled on the 
protein data bank entry 1IRE by Miyanaga et al. 2001 using SwissPDB Viewer version 3.7 by Berman et al. 
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Table 4.1: Summary of reported Co-type nitrile hydratase crystal structures 
NHase type Organism 
source 







none 1.16 Å (3HHT) Van Wyk et al. 2009 
Not published 
Native Co-NHase Bacillus sp. 
RAPc8 
none 2.52 Å (2DPP) (Tsekoa et al. 2004) 
Native Co-NHase Bacillus smithii none 2.6 Å (1V29) (Hourai et al. 2003) 
Native Co(II)-NHase Pseudonocardia 
thermophila 


































none 2 Å (3QYH) (Brodkin et al. 2011) 
Co(III)-NHase Pseudomonas 
putida 



































modified Co centre 
Thiobacillus 
thioparus 
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4.1.1.6. NHase gene organization 
Although they are involved in hydrolysis of the nitrile bond, the nitrile hydratases are not 
members of the nitrilase superfamily, and hence have no structural or mechanistic similarity 
to the nitrilases. All characterised bacterial nitrile hydratases are composed of two kinds of 
subunits assembled into heterooligomers. Mostly they form dimers or tetramers, with a few 
larger molecules containing up to 20 subunits (Komeda et al. 1996b; Zhou et al. 2010). Nitrile 
hydratases typically form or22 functional proteins with the catalytic centre at the - 
subunit interface. Nitrile hydratases contain a metal ion at the active site, and bacterial 
nitrile hydratases usually contain Fe3+ or Co3+ (Yamada and Kobayashi 1996), whilst the 
fungus Myrrothecium verrucaria has been shown to contain Zn2+ (Maier-Greiner et al. 1991). 
 
The microbial strain that has been the most exploited for its activity by industry, R. 
rhodochrous J1, produces both high molecular mass (H-NHase) (Komeda et al. 1996b) and 
lower molecular mass (L-NHase) nitrile hydratase (Komeda et al. 1996a; Wieser et al. 1998). 
The enzymes are each composed of two subunits,  and , with the  subunit differing in 
size from the , and both subunits of H-NHase differing from those of L-NHase. H-NHase is 
overproduced in this strain (as more than 50% of the soluble protein fraction) when urea is 
used as an inducer in the culturing medium. 
 
It is usual for the expression of nitrile hydratase and amidase enzymes to be associated in 
the same organism. Indeed, the structural genes are adjacent on the same operon and are 
under the control of the same activator protein. The nitrile hydratase (NHase) operon 
consists of six genes, nhr2, nhr1, ami, nha1, nha2 and nha3, that encode NHase regulator 2, 
NHase regulator 1, amidase, NHase  subunit, NHase  subunit and NHase activator, 
respectively (Lu et al. 2003). Expression of nitrilase, however, is separate from NHase and 
amidase expression in the same organism, and can be selectively modulated without 
affecting the expression of nitrile hydratase and amidase genes (and vice versa). The amount 
of each enzyme produced by an organism can be increased by addition of an inducer such as 
propionitrile to the fermentation medium (Gradley et al. 1994). Interestingly, it has been 
repeatedly reported that nitrile hydratase is generally induced by amides (the reaction 
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(Kobayashi et al. 1992a; Komeda et al. 1996a). This may mean that a low level constitutive 
expression of NHase may occur, allowing for formation of amide from nitrile, thereby 
causing induction. 
 
4.1.1.7. Nitrile Hydratase Reaction Mechanism: insights into 
substrate binding and the role of the metal ion at the active site 
Resonance Raman spectroscopy (Brennan et al. 1996; Nelson et al. 1991), EPR (electron 
paramagnetic resonance) (Sugiura et al. 1987), ENDOR (electron nuclear double resonance) 
(Doan et al. 1996; Jin et al. 1993) and EXAFS (extended X-ray absorption fine structure) 
(Nelson et al. 1991; Scarrow et al. 1996) studies have been used to propose a structural 
model for the ferric NHase active site shown in Figure 4.5. It was proposed to have a 
biologically relatively rare octahedral coordination geometry consisting of two cysteine thiol 
ligands in cis configuration, three histidine nitrogen ligands in mer configuration, and one 











































Figure 4.5: Iron coordination at the active site proposed for nitrile hydratase and a possible 
reaction mechanism involving a coordinated hydroxyl group. 
The mechanism for nitrile hydration was proposed on the basis of EXAFS and EPR studies and two X-ray crystal 
structures, and redrawn from Shearer et al. (2002) and Nagashima et al. (1998) (Nagashima et al. 1998b; 
Shearer et al. 2002). 
 
The first proposed reaction mechanism for ferric NHase shown in Figure 4.5 involves attack 
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tautomer coordinated to the metal active site (Figure 4.5B). Rearrangement of the amide 
and subsequent dissociation of the product implies there is a transient formation of a five-
coordinate iron site upon transfer of the bound hydroxide (Figure 4.5C). Re-coordination of a 
solvent-derived hydroxide completes the catalytic cycle and accounts for the products 
observed from NHases. A possible alternate mechanism in which the bound intermediate is 
activated for attack by a solvent molecule is also shown. This mechanism, however, is still 
not widely accepted by many nitrile hydratase researchers. 
 
4.1.1.8. Photoreactivity of Fe-NHase 
Purified Fe-type NHase may be obtained as a mixture of ‘low pH’ and ‘high pH’ forms. Low 
pH forms are catalytically active while the high pH form needs to be activated. This 
activation can be accomplished through photolysis (Honda et al. 1994). Resonance Raman 
spectroscopy studies have shown that low- and high-pH forms have extensive differences in 
hydrogen bonding (Brennan et al. 1996). NHase, therefore, possesses unique intrinsic 
activity traits in the presence of light in that it can undergo photo-reactivation when 
irradiated with visible light after aerobic incubation in the dark. Endo and colleagues (Endo 
et al. 1999a) have proposed a biochemical mechanism for this photoreactivity. Light 
irradiation of an iron complex (chromophore) in the -subunit of the enzyme induces a 
conformational change of the subunit. Inactive NHase has a non-heme iron (III) centre to 
which an endogenous nitric oxide (NO) molecule is bound. Upon photo-reactivation, the NO 
is released and the activity of the enzyme recovered. It has been suggested through the use 
of Fourier-transform infrared difference spectroscopy (Endo et al. 1999a) that irradiation 
causes a conformational change in the  subunit, and a subsequent breakage of the Fe-N 
bond. This results in photo-dissociation of the endogenous NO molecule from the NHase 
catalytic centre. Further studies of photo-activation of NHase is required to define the 
structure of the enzyme fully, since the mechanism of photoactivation is still poorly 
understood and reports are generally conflicting (Brennan et al. 1996; Endo and Odaka 2000; 
Honda et al. 1994; Noguchi et al. 1995; Popescu et al. 2001; Scarrow et al. 1996). 
Photoregulation and NO-addition both allow points of control of NHase activity, and afford 
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In dark conditions the Fe-N (NO) bond is extremely stable (Odaka et al. 1997), however light 
irradiation both breaks the Fe-N covalent bond and also induces local structural changes 
around the iron center (Nowak et al. 2002). A study of photoreactive nitrile hydratase 
involved analysis of a molecular dynamics simulation of the photodissociated NO ligand in 
the enzyme channel (Kubiak and Nowak 2008b). This, together with their previous study, 
also through simulated modeling, suggested that NO induced substantial structural changes 
upon binding to the iron center by causing an ‘inverted doming’ effect, indicating that a 
degree of mechanical change is likely involved in photodissociation (Nowak et al. 2002). 
Modeling results by Rose et al. 2010 suggest that NO photolability is strongly related to Cys-S 
oxygenation since S-oxygenation weakens Fe−S bonding which allows electron transfer at 
strong transitions near 470 nm (Rose et al. 2010). 
 
The biological role of the NO photo response of nitrile hydratases is not known. Bacterial NO 
metabolism is generally related to nitrogen assimilation through the denitrification process 
which is a mode of respiration of many bacteria during times of reduced oxygen tension or 
under anaerobic conditions; by transforming oxyanions of nitrogen to N2. The reaction 
reverses nitrogen fixation in the biogeochemical nitrogen cycle, which is sustained by 
Prokaryotes and is a central part of the overall global nitrogen cycle. Denitrification is 
controlled by many metalloenzymes, including nitrate and nitrite reductases, and nitric and 
nitrous oxide reductases (Zumft 1993). Nitric oxide is an obligatory intermediate in 
denitrification, as well as a signaling and defense molecule of major importance. Bacteria are 
known also to be sensitive to high NO concentrations due to its reactivity and membrane 
permeability (Poole 2005), but the basis of resistance to NO and other reactive nitrogen 
species is poorly understood in many microbes. The cellular targets of NO and interacting 
proteins include reactive thiols, heme groups, iron-sulfur clusters, phenolic or aromatic 
amino acid residues, tyrosyl radicals, and amines, in metalloproteins, thiol proteins, 
glutathione and homocysteine. These protein targets may themselves in turn act as signal 
transducers, sensing NO and RNS, and resulting in altered gene expression and synthesis of 
protective enzymes (Rodionov et al. 2005). NO may modify the activity of regulatory 
proteins via direct reaction with the heme moiety, or indirectly, via S-nitrosylation of thiol 
groups or nitration of tyrosine residues. NO can interact with iron contained in heme 
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transduction (Murad 1994), but although guanylyl cyclase is activated by NO, NO–heme 
interactions can result in the inactivation of other heme proteins, such as catalase and 
cytochrome systems (Kim et al. 1995). The biological significance of a light activated NO 
bound metalloenzyme remains an interesting point of further study. 
 
 
4.1.1.9. Catalytic mechanism of NHase 
In the last few years, several simple catalytic mechanisms have been proposed for NHase on 
the basis on theoretical modelling studies, synthetic models, kinetic and spectroscopic 
studies (Desai and Zimmer 2004; Harrop and Mascharak 2004; Kovacs 2004; Sugiura et al. 
1987), theoretical density functional calculations (Hopmann et al. 2007; Hopmann and Himo 
2008), molecular dynamics simulations (Kubiak and Nowak 2008a; Peplowski et al. 2008) and 
substrate docking studies (Peplowski et al. 2007). NHase X-ray crystal structures have further 
added to the mechanism theories (Huang et al. 1997; Kobayashi and Shimizu 1998). 
 
One mechanism, proposed based on observations of changed electronic absorption and EPR 
spectra on nitrile addition (Sugiura et al. 1987), was that the substrate nitrile moiety binds 
directly to metal center, displacing active site water molecule/hydroxide group. This allows 
the metal ion to act as Lewis acid, activating coordinated nitrile towards nucleophilic attack 
(Desai and Zimmer 2004). The nucleophilic water/hydroxide is likely provided or activated by 
an active-site base. In all cases, the metal ion was suspected to function as a Lewis acid. The 
general reaction included binding of a nitrile directly to the metal, facilitating nucleophilic 
attack of a water molecule on the nitrile carbon. The metal activates the water molecule 
which directly, or indirectly, attacks nitriles trapped near the metal. 
 
The direct interaction of the nitrile with the active-site metal was supported by structural 
studies and synthetic model studies that showed nitriles can readily exchange with low spin 
Co(III) and Fe(III) centres (Shearer et al. 2001; Shearer et al. 2002). An X-ray crystal structure 
of wild-type NO-bound Fe-type NHase from Rhodococcus erythropolis showed that NO was 
bound in place of the metal-coordinated water molecule (Nagashima et al. 1998b). The X-ray 
crystal structure of Co-type NHase from P. thermophila bound by the weak inhibitor, n-
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carboxylate oxygen atom that binds to the metal ion (Miyanaga et al. 2004).  Moreover, 
theoretical modelling studies of the NHase from Rhodococcus erythropolis have suggested 
that nitriles can occupy the active site and be bound by the active site metal (Desai and 
Zimmer 2004; Greene and Richards 2006). Reaction mechanisms of nitrile hydratase 
proposed on the basis of butyric acid bound at the active site should, however, be taken 
with caution since ferric nitrile hydratase was found to interact with butyric acid with a high 
affinity and is a competitive inhibitor of some substrates (Kopf et al. 1996). Most of the early 
nitrile hydratase mechanisms proposed referred to Fe-type NHase enzymes purified and 
stored in high concentrations of n-butyric acid (Nagasawa et al. 1986; Nagasawa et al. 1987). 
The interaction of the NHase active site with n-butyric acid was shown to affect the spectral 
properties and activity of the enzyme (Kopf et al. 1996), and should therefore be taken into 
consideration when assessing proposed mechanisms. 
 
Ligand exchange reaction of low-spin Co-type NHase model complexes suggested that the 
trans-thiolate sulfur played an important role in promoting ligand exchange at the sixth site 
(Shearer et al. 2001). It was also shown that protonation/deprotonation states of the 
sulfenate oxygen were modulated by the unmodified Cys thiolate ligand (Lugo-Mas et al. 
2001). Supported by several studies, oxidized cysteine ligands, especially the cysteine 
sulfenic acid ligand, play an important role in catalysis (Heinrich et al. 2001; Noverson et al. 
1999; Tyler et al. 2003). Post-translational modification of cysteine ligands are essential for 
catalytic activity (Murakami et al. 2000), and oxidation by 2-cyano-2-propyl hydroperoxide of 
specifically the cysteine-sulfenic acid ligand to cysteine-sulfinic acid (Cys-SOH to Cys-
SO2H) in Fe-type NHase results in an irreversible inactivation of the enzyme (Tsujimura et al. 
2003). 
 
4.1.1.10. Residues participating in recognition of substrate 
Miyanaga et al. reported the mutational and structural analysis of substrate binding and 
metal specificity of cobalt NHase (wild-type, apoenzyme and various mutants) from 
Pseudonocardia thermophila JCM 3095 (Miyanaga et al. 2004). Mutants involved in 
substrate binding and catalysis, and formation of the active site centre were constructed, 
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and Trp72, form a hydrophobic pocket that likely accommodates the aromatic ring or alkyl 
chain of the nitrile substrate (Miyanaga et al. 2001). Residues Leu48, Phe51 and Phe37 
are involved in formation of a hydrophobic environment around the n-butyric acid alkyl 
group. It appears that the hydrophobic pocket of Co-type NHase is bigger than that of Fe-
type NHase, and may explain the difference in preference of Co-type NHase for aromatic 
substrates as opposed to aliphatic. 
 
The three conserved residues that putatively determine the substrate specificity of Co-
LNHase from P. thermophila (Leu48, Phe51 and Trp72) are also conserved in Co-LNHase 
from R. rhodochrous J1. The kinetic parameters for similar sized substrates are also similar 
for P. thermophila and Co-type LNHase from J1 (Wieser et al. 1998). In H-NHase J1 
(Nagasawa et al. 1991), kinetic parameters for small nitriles are similar to those for P. 
thermophila NHase, but the Km values for aromatic nitriles are 1000x higher. In H-NHase J1, 
Trp and Ser at positions corresponding to Leu48 and Leu51 respectively of P. thermophila 
NHase, presumably play a role in higher aromatic substrate specificity. P. chlororaphis NHase 
minimally hydrates aromatic nitriles (Nagasawa et al. 1987), and contains Val, Val and Tyr at 
residues corresponding to Leu48, Phe51 and Trp72 respectively (these 3 residues are 
conserved in all Fe-type NHases), and form a narrower substrate pocket (Miyanaga et al. 
2001). 
 
Kinetic parameters of P. thermophila Co-type NHase studied by Miyanaga et al. showed Co-
NHase had significantly smaller Km values for aromatic than small aliphatic nitriles and was 
inhibited competitively by n-butyric acid (Ki of 1.3 mM), similar to Rhodococcus sp. N-771 
NHase at 1.6 mM (Miyanaga et al. 2004; Piersma et al. 2000). Generally, a stronger inhibition 
by aromatic organic acids than aliphatic was observed. In Fe-type NHase, n-butyric acid is 
competitive inhibitor but also a stabilizer (Kopf et al. 1996; Nagasawa et al. 1987), and 
activity gradually decreases when there is a lack of n-butyric acid. In Co-type NHase, native 
enzyme is more stable, for example, P. thermophila NHase retained complete activity for a 
year stored at 4 °C with an unchanged catalytic centre (Miyanaga et al. 2004). 
 
The proposed reaction model for NHase involves the formation of an imidate intermediate 
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analogue. n-Butyric acid at the active site of P. thermophila Co-NHase (Miyanaga et al. 2004) 
showed two conformations present in mixed state, designated type I and II. In the type I 
state, one carboxylic group O atom H-bonds with Tyr68 (2.9 Å), presumed to be the key 
residue in substrate binding and/or catalysis. This Tyr residue is fully conserved in all NHases. 
 
The Tyr68 also forms another H-bond (2.55 Å) with the O atom at the side chain of 
Ser112; this H-bond is present in native (Miyanaga et al. 2001) and Fe-type NHase 
(Nagashima et al. 1998b). Tyr68 was clearly shown to be important for substrate binding 
and catalysis, and mutation of the residue (Tyr68 to Y68F) significantly decreased activity 
compared to wild-type enzyme (Miyanaga et al. 2004). In the type II state, one carboxylic 
group O is positioned a short distance (~1.4 Å) from the O atom of Cys-SOH113, possibly 
indicating formation of a covalent bond between the 2 O atoms, yet to be confirmed. In both 
types however, other carboxylic O atoms directly coordinate to the Co ion (2.6 Å in type I 
and 2.3 Å in type II) instead of a water molecule as in the native structure. This carboxylic O 
atom is trapped by 3 O atoms of the claw setting (Cys-SO2H111, Ser112 and Cys-
SOH113). 
 
4.1.1.11. Docking studies 
Several docking studies proposed to offer insights into the mechanism of NHase. Docked 
model substrates in the Co-NHase from P. thermophila JCM 3095 (Peplowski et al. 2007) 
correlated well with measured activities (Miyanaga et al. 2001), leading to the proposal that 
it is the conformational freedom allowed of aliphatic compounds at the active site that lead 
to higher activity, and that spatial restrictions at the active site cavity impede aromatic 
substrates. This is in agreement with the results of conformational searches for Fe-type 
NHases done by others (Desai and Zimmer 2004). Aromatic nitriles and amides have smaller 
number of orientations closer to the active site then aliphatic. Both Miyanaga and Peplowski 
used the Co-NHase from P. thermophila JCM 3095, with a 100x higher efficiency for aliphatic 
nitriles than aromatic, to propose their mechanisms (Miyanaga et al. 2004; Peplowski et al. 
2007). In studied docking scenarios of the amides, energetically favoured positions of amides 
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small aliphatic amides were interacting with sulfinic and sulfenic oxygens of the claw setting 
of NHase proposed by Nagashima et al. (Nagashima et al. 1998b). 
 
4.1.1.12. The Hashimoto Mechanism 
The so-called ‘Mitra and Holz mechanism’ was based on theoretical kinetic parameter 
studies of Co-type NHase from Pseudonocardia thermophila JCM 3095 (Mitra and Holz 2007) 
and previously reported X-ray structural data, spectroscopic, theoretical modelling and 
synthetic model complex studies (Desai and Zimmer 2004; Harrop and Mascharak 2004; 
Kovacs 2004; Sugiura et al. 1987). Presuming that nitriles bind directly to the trivalent metal 
ion active site, the Mitra-Holz mechanism could be supported by some kinetic, EPR, UV-
visible and theoretical modelling studies (Desai and Zimmer 2004; Harrop and Mascharak 
2004; Kovacs 2004; Sugiura et al. 1987). However, a detailed and robust catalytic mechanism 
was still lacking. The NHase mechanisms of action proposed by previous researchers has 
now been superceded by a sophisticated time-resolved X-ray crystallography experiment 
performed by Hashimoto and colleagues (Hashimoto et al. 2008). 
 
The NHase catalytic mechanism (Figure 4.6) proposed by Hashimoto (Hashimoto et al. 2008)  
presents structural evidence for the mechanism of Fe-type NHase from R. erythropolis N771, 
which converts isonitriles to corresponding amines (Taniguchi et al. 2008). Fe-type NHase 
from R. erythropolis N771 possesses a unique photoreactivity. The enzyme is activated by 
photo-induced denitrosylation, and inactivated by nitrosylation in the dark (Bonnet et al. 
1997; Noguchi et al. 1996; Odaka et al. 1997). The NHase converts tert-butylisonitrile 
(tBuNC) to tert-butylamine with slow reactivity, and together with the photoreactivity of 
nitrosylated NHase, allowed a mechanistic study of the enzyme by time-resolved X-ray 
crystallography. The results showed that the isonitrile carbon was coordinated to the iron, 
and then attacked by a solvent molecule which is activated by Cys114-SOH (sulfenic 
cysteine/s-hydroxycysteine/CSO). It also showed that the sulfenate group of Cys114-SO- 
plays a key role in catalysis. 
 
Protein structure is highly conserved amongst known NHases (Hourai et al. 2003; Huang et 
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hydrolase enzyme (Arakawa et al. 2007). The distorted octahedral geometry of the metal-
binding site is also conserved. The active site motif Cys1-Xaa-Leu-Cys2-Ser-Cys3, is strictly 
conserved. There are six ligand sites: the metal ion coordinates to two amide nitrogens of 
Ser and Cys3, and three Cys sulphurs (Huang et al. 1997), while the sixth ligand site is 
occupied by a water/solvent molecule (Miyanaga et al. 2001), or NO in the case of 
nitrosylated Fe-type NHase (Nagashima et al. 1998b). Cys2 and Cys3 are post-translationally 
modified to cysteine-sulfinic acid and cysteine-sulfenic acid respectively (Nagashima et al. 
1998b), and are likely in the deprotonated form at the metal active site (Noguchi et al. 
2003). 
 
Figure 4.6: Nitrile hydratase mechanism proposed by Hashimoto et al. 2008. 





Given the extensive possible applications of NHase activities in the fine chemical and 
pharmaceutical industries, there are drives to find new sources of NHase, and NHases with 
different activities. The biotransformation capabilities of NHase from BAA-870 have already 
been explored (Brady et al. 2004b; Chhiba et al. 2012; Kinfe et al. 2009), and are highlighted 
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in the genome. The isolation of the NHase gene by cloning, and expression of the NHase 
protein in E. coli will allow easier routes of purification, and access to the enzyme without 
possible interfering activities from the whole cell transformations used previously. We aim 
to have an easily expressible NHase, and a route for purification of the enzyme. Insights into 
the structure of the NHase from BAA-870 will also give possibilities for site-directed 
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All restriction endonucleases were purchased from Inqaba Biotech, or Novagen. All 
chemicals were of molecular grade and were purchased from Sigma-Aldrich, unless 
otherwise stated. DNA polymerase, ligase and other molecular biology enzymes were 
obtained from Inqaba Biotech. Plasmids and expression strains were purchased from 
Novagen. 
 
4.2.2. Methods Outline 




Figure 4.7. Outline of cloning and purification of L-NHase showing the relative time line of 
strategy used to isolate the gene and enzyme. 
The cloning of NHase involved three strategies in chronological order, each strategy an improvement on the 
last in order to solve expression and optimise the isolation of NHase. Molecular modelling of NHase gave 
insights into cloning strategy three. A purification of wildtype NHase was done simultaneously during cloning 
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4.2.3. Cloning and expression of the wild-type nitrile hydratase gene cassette 
from R. rhodochrous ATCC BAA-870 
 
4.2.3.1. Cloning 
Polymerase chain reaction 
Primers were designed according to the sequences of R. rhodochrous J1 low and high 
molecular weight cobalt-containing nitrile hydratases, assuming that BAA-870 also contained 
both low and high molecular weight NHases. Restriction sites were added to the primers for 
directional cloning into vectors (NdeI 5‘-CATATG-3’ in the forward, and HindIII 5’-AAGCCT-3’ 
in the reverse). 
 
L-NHase forward primer: 5’-CATATGGATGGAATACACGACCTCGGT-3’ 
L-NHase reverse primer: 5’-AAGCTTCTACCCGTCGGAGTCAGTGGT-3’ 
 
H-NHase forward primer: 5’-CATATGGATGGTATACACGACACAGGC -3’ 
H-NHase reverse primer: 5’-AAGCTTTCAGTCGATGATGGCCAT -3’ 
 
Amplification of the low molecular mass nitrile hydratase gene cassette (including the beta 
subunit, alpha subunit, and beta-homolog protein/chaperone) was done with KapaHiFi 
Polymerase (Kapa Biosystems, South Africa) using a PeQLab primus 25 thermal cycler 
(Biotechnologie GmbH, Germany). Cycling conditions were as follows: initial denaturation at 
95 °C for 2 minutes; followed by 25 cycles of denaturation at 98 °C for 20 seconds, annealing 
at (Tm - 5 °C) for 15 seconds and extension at 68 °C for 1 min/kb. Control reactions where 
primers and DNA template were omitted respectively, were performed. 
 
4.2.3.2. Purification and blunt-end cloning of amplified clone insert 
DNA loading buffer was added to the PCR reactions. Samples were loaded into wells of a 
0.8 % agarose gel alongside Pstλ DNA marker, and run at 100 V. PCR reactions that showed 
an insert of the correct size were excised from the gel, and purified using a QiaQuick gel 
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insert was ligated into pJET1 (Fermentas, Lithuania) using T4 DNA ligase. A control 
experiment was performed using a control insert provided with the CloneJET PCR cloning kit 
(Fermentas, Lithuania). Ligated insert/plasmid was transformed into ‘E. cloni 10GF’ DUO 
competent cells (from Lucigen, USA) and plated on LB-ampicillin agar plates. 
 
4.2.3.3. Confirmation of blunt-cloned insert 
LB-ampicillin media was inoculated with randomly selected transformation colonies and 
grown overnight at 37 °C with shaking (200 rpm). Plasmids were purified using a ZyppyTM 
plasmid miniprep kit (from Zymo Research, USA). PCR was used to amplify the nitrile 
hydratase insert using the original amplification primers to confirm presence of the insert of 
the expected size. 
 
4.2.3.4. Restriction digestion 
Purified plasmids (controls and reactions) were digested using BglII, which cuts on either 
side of a blunt-cloned insert in pJET1. The insert was cut from the plasmid for directional 
cloning into an expression vector using the restriction enzymes HindIII and NdeI, purified, 
and concentrated for ligation. Cloning vectors pET20b(+) and pET28a(+) were purified, 
restricted with HindIII and NdeI and phosphorylated. All restriction digestions were analysed 
by agarose gel electrophoresis. 
 
4.2.3.5. Ligation of insert and expression vector 
Nitrile hydratase insert restricted with HindIII and NdeI was ligated with pET28a(+) using T4 
DNA ligase. Ligations were purified, transformed into E. coli BL21(DE3) competent cells and 
plated on LB-kanamycin agar. 
 
4.2.3.6. Analysis of recombinant clones 
Confirmation of insert ligation into vector was analysed by restriction digestion and PCR 
using the original amplification primers. Selected clones containing insert were sequenced 
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4.2.3.7. Expression 
See Appendix 7.3 for plasmids and vector details. 
 
4.2.3.8. Expression of nitrile hydratase in pET20b(+) 
Clones were transformed into E. coli BL21(DE3) expression cells, and grown in the presence 
of ampicillin. Overnight inoculums grown at 37 °C with shaking, were used to inoculate LB-
ampicillin. Cultures were grown to an OD600 of 0.4 – 0.6, and various concentrations of CoCl2 
(0.05, 0.1, 0.2 mM) were added half an hour before protein induction. Induction of protein 
was initiated by addition of different concentrations of IPTG (with a range of 0.5 – 4 mM), 
and cultures were grown at 25 °C – 37 °C, with shaking, to test the effects of different 
concentrations of inducer. 
 
4.2.3.9. Expression of nitrile hydratase in pET28a(+) 
Clones were transformed into E. coli BL21(DE3) expression cells, and grown in the presence 
of kanamycin. Overnight inocula grown at 37 °C with shaking, were used to inoculate LB-
kanamycin. Cultures were grown to an OD600 of ~0.3, and 0.1 mM CoCl2 was added. Cultures 
were grown for half an hour at 37 °C with shaking before induction of protein was initiated 
by addition 0.1 mM IPTG. Cultures were induced at 23 °C, with shaking at 180 rpm, for at 
least 12 hours. 
 
4.2.4. Improving NHase expression by ribosome binding site (RBS) 
mutagenesis 
 
4.2.4.1. Mutagenesis of the alpha subunit RBS 
L-NHase-containing clones prepared as described above were mutated at the ribosome 
binding site for the alpha subunit using the Phusion® Site-Directed Mutagenesis Kit 
(Invitrogen, USA). The desired point mutation was verified by DNA sequencing of clones. The 
mutagenesis reaction, however, incorporated undesired mutations at the start codon of the 
gene insert. The mutated insert was amplified using the original cloning primers containing 
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correct clones, before the correct insert was re-cloned into the expression vector pET28a(+). 
Expression of the mutated clones was done using the protocols described above. 
 
 
4.2.5. Cloning and co-expression of NHase in E. coli using a two-construct 
system 
 
4.2.5.1. Cloning of nitrile hydratase in pRSFDuet-1 and pET21a(+) 
Polymerase chain reaction 
Primers were designed to amplify the sequence of R. rhodochrous ATCC BAA-870 low 
molecular weight cobalt-containing nitrile hydratases, with restriction sites added for 
directional cloning into vectors (Table 4.2). The pRSFDuet-1 cloning restriction sites included 
NdeI at the forward position and either PacI or EcoRV in a reverse primer, for cloning of the 
alpha-chaperone sequence. Two reverse primers were designed due to difficult sequence 
design options in that region. The pET21a(+) cloning restriction sites included NdeI at the 
forward position and XhoI at the reverse primer, for cloning of the beta subunit sequence. 
 
Table 4.2: List of primers used for coexpression amplification and directional cloning 
Primer name Target for PCR 
amplification 
Primer sequence (5' – 3') Restriction sites added 
pRSF Forward 
NdeI 
Alpha-chaperone TAGCTACATATGACCGCCCACAATCCC 5' – NdeI-alpha 
pRSF Reverse 
PacI 
Alpha-chaperone GCTATTAATTAACTACCCGTCGG Chaperone-PacI – 3' 
pRSF Reverse 
EcoRV 
Alpha-chaperone GCATGATATCCTACCCGTCGG Chaperone-EcoRV – 3' 
pET21 Forward 
NdeI 
Beta GCTAGCTACATATGGATGGAATC 5' – NdeI-beta 
pET21 Reverse 
XhoI 
beta TATACTCGAGGGCCGGTAGCAGATACG Beta-XhoI – 3' 
 
Amplification of the beta subunit, and the alpha subunit and chaperone of the nitrile 
hydratase gene cassette was achieved with KapaHiFi Polymerase (Kapa Biosystems, South 
Africa) using a PeQLab primus 25 thermal cycler. Cycling conditions were as follows: initial 
denaturation at 95 °C for 2 minutes; followed by 25 cycles of denaturation at 98 °C for 20 
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reactions were performed where primers and DNA template were omitted respectively. 
Various genomic DNA templates were used to optimise the amplification of products. 
 
Blunt-end cloning of purified PCR products 
DNA loading buffer was added to the PCR reactions. Samples were loaded into wells of a 
0.8 % agarose gel alongside Pstλ DNA marker, and run at 100 V. PCR reactions that showed 
an insert of the correct size were excised from the gel, and purified using a QiaQuick gel 
extraction kit (Qiagen, Germany). Insert was eluted using Tris buffer, pH 8.0. Purified insert 
was ligated into pJET1.2 (Fermentas, Lithuania) using T4 DNA ligase. A control experiment 
was performed using a control insert provided with the CloneJET PCR cloning kit 
(Fermentas). Ligated insert/plasmid was transformed into E. coli DH5 competent cells 
(Lucigen, USA) and plated on LB-ampicillin or LB-kanamycin agar plates for selection of beta 
and alpha-chaperone-containing clones respectively. 
 
Confirmation of blunt-cloned insert 
LB-ampicillin or -kanamycin media was inoculated with randomly selected transformation 
colonies and grown overnight at 37 °C with shaking (200 rpm). Plasmids were purified using 
a ZyppyTM plasmid miniprep kit (from Zymo Research). Plasmids (pJet1.2 containing insert) 
were restricted with BglII to release the insert, and reactions run on 0.8 % agarose gel with 




Plasmids containing the expected inserts were cut from the blunt cloning plasmid for 
directional cloning into the relevant expression vectors. Restriction enzymes NdeI, XhoI (for 
the beta insert) and PacI or EcoRV (for the alpha-chaperone insert) were reacted with 
pJet1.2 plasmids for 1 hour at 37 °C to release restricted inserts. Reactions were analysed 
and purified from 0.8 % agarose gel. Cloning vectors pET21a(+) and pRSFDuet-1 were 
purified, restricted with the relevant restriction enzymes and dephosphorylated using a 














Chapter Four: Nitrile Hydratase 
 
Ligation of inserts and expression vectors 
The gene encoding the nitrile hydratase beta subunit was restricted with NdeI and XhoI and 
then was ligated into pET21a(+). The gene encoding the alpha-chaperone was ligated into 
pRSFDuet-1 restricted with NdeI and PacI, using T4 DNA ligase (Fermentas, Lithuania). 
Ligations were purified, transformed into E. coli DH5 cells for plasmid maintenance, and 
BL21(DE3)cells for expression, and plated on LB-ampicillin or -kanamycin agar, respectively. 
 
Sequence confirmation of recombinant clones 
Selected insert-containing clones were sequenced by Inqaba Biotech (Pretoria, South Africa). 
 
4.2.5.2. Coexpression of nitrile hydratase in pRSFDuet-1 and 
pET21a(+) 
Plasmids were co-transformed into E. coli BL21(DE3) expression cells, and grown in the 
presence of 50 µg/ml kanamycin. Overnight inocula grown at 37 °C with shaking, were used 
to inoculate LB-kanamycin. Cultures were grown to an OD600 of ~0.3, and 0.1 mM CoCl2 was 
added. Cultures were grown for half an hour at 37 °C with shaking before induction of 
protein was initiated by addition 0.1 mM IPTG. Cultures were induced at 23 °C, with shaking 
at 180 rpm, for at least 16 hours. 
 
 
4.2.6. Purification of nitrile hydratase 
 
All purification steps are common to purification of wildtype and recombinant nitrile 
hydratase, unless otherwise described. All chromatography elution fractions were assayed 
for protein concentration using the Bradford assay from BioRad (Bradford 1976) and activity 
was measured by HPLC or continuous spectrophotometric assay. Protein was visibly 
inspected by 12 % SDS-PAGE using the Laemmli discontinous buffer system (Laemmli 1970). 
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system on ice, with a Millipore PM10, 10 kDa, size exclusion membrane under nitrogen gas 
pressure. 
 
4.2.6.1. Cell-free extract preparation 
After a freeze-thaw cycle, cell paste was resuspended in B-PER bacterial protein extraction 
reagent (Sigma, Germany) containing lysozyme and DNase I (Fermentas, Lithuania) at 10 
mg/ml and 20 g/ml, respectively, and incubated for 30 min at room temperature. The 
resuspended cells were sonicated for a total of 5 min (with 0.5 s pulsed sonication over 10 
min). Cell-free extract was collected after centrifugation of cell debris at 15 000 x g for 30 
min, and filtered through a 0.22 m filter. 
 
4.2.6.2. Column chromatography 
Ion exchange chromatography 
A Q-Sepharose column (Amersham Biosciences) was equilibrated with two column volumes 
of 100 mM potassium phosphate buffer pH 7.4, containing 100 mM KCl at a flow rate of 2.5 
ml/min. Cell free extract was applied to the column and unbound protein was washed off. 
Nitrile hydratase was eluted using potassium phosphate buffer pH 7.4, containing 100 mM – 
1M KCl, at a flow rate of 2 ml/min. The protein concentration was measured at an 
absorbance of 280 nm and recorded by an in line UV/Vis detector (Gilson Inc, USA). Fractions 
(5 ml/tube) were collected using a Gilson FC203B fraction collector. 
Size exclusion chromatography 
Pooled ion exchange fractions showing nitrile hydratase activity were purified by size 
exclusion chromatography, and eluted using a Sephacryl S-200 or S-400 HR column 
(Amersham Biosciences) equilibrated with potassium phosphate buffer, pH 7.4, containing 
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4.2.6.3. Additional steps for purification of wildtype nitrile 
hydratase 
Batch fermentation of Rhodococcus rhodochrous ATCC BAA-870 
Fermentation media consisted of an autoclaved bulk medium of 14.6 g/L K2HPO4, 2g/L 
(NH4)2SO4, 3.6 g/L Na2HPO4, 2.5 g/L citric acid, 1.2 g/L MgSO4, 5 g/L NH4NO3 and 20 g/L yeast 
extract, to which a solution of separately autoclaved 36 g/L glucose monohydrate was 
added, as well as filter sterilized 5 ml/L trace element solution (0.2 g/L ZnSO4.5H2O, 0.4 g/L 
CuSO4.5H2O, 0.004 g/L CoSO4.7H2O, 50 g/L trisodium citric acid and 0.4 g/L 
MnSO4.H2O), 30 µg/mL kanamycin and 20 mM benzonitrile (or other nitrile) as inducer. All 
nitriles were prepared in 100% methanol. Log phase growth in minimal media was 
at least 28 - 30 hours at 30 °C. 
 
Ammonium sulphate precipitation 
Ammonium sulfate was ground to a fine powder using a mortar and pestle. A 20-70% 
ammonium sulfate saturation cut was applied to cell free extract using standard ammonium 
sulfate precipitation techniques. Between each ammonium sulfate addition step, the sample 
was left on ice for 20 min, followed by centrifugation at 10 000 x g for 10 min at 4 °C to 
precipitate the saturated protein fraction. The pellet was resuspended in a 5 ml volume of 
50 mM potassium phosphate buffer pH 7.4. A 5X salt-free buffer dilution of each fraction 
(total volume 20 µl) was used to analyse by SDS-PAGE. 
 
Batch ion exchange chromatography 
Volumes of clarified supernatant from a 30 % ammonium sulfate fractionation were batch 
eluted from a 50 ml slurry of Q-Sepharose in 50 mM steps of salt concentration, from 200 
mM – 500 mM NaCl. The Q-Sepharose batch exchange media was equilibrated with 50 mM 
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4.2.6.4. Additional steps for purification of cloned nitrile hydratase 
from pRSFDuet-1 and pET21a(+) 
 
Nickel affinity column chromatography 
Clarified supernatant was applied to Ni-Protino batch resin, which was equilibrated with 
50 mM sodium phosphate buffer pH 7.4 containing 500 mM NaCl and 40 mM imidazole. The 
column was washed until all unbound protein was eluted. Nitrile hydratase was eluted by 
consecutive washes of the resin with 50 mM sodium phosphate buffer pH 7.4 containing 
500 mM NaCl and 500 mM imidazole until all bound protein was removed. Nitrile hydratase-
containing aliquots were concentrated using a 10 kD cut-off filtration unit, and applied to an 
Unosphere Q ion exchange column (BioRad, USA) that was equilibrated with 50 mM sodium 
phosphate buffer pH 7.4 containing 100 mM NaCl. Nitrile hydratase was eluted using a linear 
salt gradient that was increased from 100 mM NaCl to 1 M NaCl. Fractions of eluted nitrile 
hydratase were assessed for purity by SDS-PAGE, and protein concentrations were measured 
using the standard Bradford protein concentration assay (BioRad, USA). 
 
4.2.7. Continuous Spectrophotometric Assay 
 
The production of corresponding amide from nitrile was measured using a 
spectrophotometric assay developed specifically for measuring benzamide formation during 
the purification of NHase. A 1.5 mL reaction total containing 50 mM sodium phosphate 
buffer, pH 7.4, with 300 µl of a 10 mM nitrile substrate made up in a minimal volume of 
methanol, was initiated by addition of an appropriate amount of enzyme, and the 
corresponding amide product measured (Table 4.3). Wavelength scans from 200 – 300 nm 
were done of nitriles and the corresponding amide, and the wavelength at their maximum 
absorbance differences were chosen as the wavelength of assay measurement (see Figure 
6.9, Appendix). Reactions were scaled accordingly to a 150 µl total volume, and measured at 
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Table 4.3: Parameters for spectrophotometric assay 
Substrate Product Wavelength at which amide 
measured (nm) 




Benzonitrile Benzamide 252 0.3818 





Nitrile hydratase-containing aliquots (0.1 ml) were added to 0.3 ml assay mix (50 mM 
potassium phosphate buffer, pH 7.4, containing 5 mM benzonitrile dissolved in a minimal 
volume of methanol) and reacted for 5 min with shaking (1000 r.p.m.) at 30 °C. Reactions 
were stopped by addition of 1.2 ml acidified stop solution consisting of 60:40 Acetonitrile : 
0.1 % TFA mix, centrifuged for 5 min at 13 200 x g to precipitate particulates, and 1 ml 
transferred to a 2 ml HPLC vial. Standard curves of nitriles and corresponding amides and 
acids were constructed from 0 – 5 mM. A Phenomenex Aqua C18 reverse-phased column, 
250 mm × 2 mm, was used to analyse retention times and peaks of nitriles, amides and acids 
with a flow rate of 0.6 ml/min over 5 min using a 70:30 acetonitrile : 0.1 % TFA(aq) mobile 
phase. In fractions where benzoic acid was detected, the reaction was repeated with an 
appropriate dilution and reacted for 2 min to detect benzamide before conversion to 
benzoic acid by contaminating amidase. 
 
 
4.2.9. Structure and Modeling of NHase 
 
4.2.9.1. Molecular modeling of NHase from R. rhodochrous ATCC 
BAA-870 
The BAA-870 NHase alpha and beta subunit sequences were submitted to the 
mGenTHREADER Fold recognition tool web server for structural sequence alignment to 
identify protein folds and distant homologues (Jones 1999; McGuffin and Jones 2003). Low 
complexity regions were masked as a filtering option. Protein secondary structure prediction 
was done using the PSIPRED (protein secondary structure prediction) server (Jones et al. 
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built using MODELLER (Eswar et al. 2001; Martí-Renom et al. 2000; Šali and Blundell 1993). 
Side chain conformations were adjusted using the SCWRL program for prediction of protein 
side-chain conformations (Altschul et al. 1990; Canutescu et al. 2003). Resulting models 
were aligned with the template structure using UCSF Chimera (Pettersen et al. 2004). A 
BLAST of the BAA-870 L-NHase full length protein sequence showed a 100% identity to the 
sequence of L-NHase from R. rhodochrous J1. 
 
 
4.2.9.2. Attempted crystallization of nitrile hydratase 
The wild-type nitrile hydratase was purified as described in Section 4.2.6. Purified nitrile 
hydratase was noted to be easily precipitated on standing, with increasing instability 
observed in relation to protein concentration. Hence, limited concentrations were available 
for crystallography trials. The sequence of BAA-870 nitrile hydratase was submitted to the 
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4.3. Results 
 
4.3.1. Nitrile hydratase cloning and expression 
 
4.3.1.1. Cloning and expression of the nitrile hydratase gene 
cassette from R. rhodochrous ATCC BAA-870 
The gene encoding the L-NHase cassette (beta and alpha subunits and chaperone) in R. 
rhodochrous ATCC BAA-870 were successfully amplified from the genome (Figure 4.8), and 
cloned into various cloning and expression vectors. The total size of the NHase gene cassette 
was 1.8 kb. Failure to amplify the H-NHase was supported by the genome sequence 
information obtained during this study, since no H-NHase was identified in the assembled 
and annotated sequence. 
 
Figure 4.8: Agarose gel (0.8 %) of amplified inserts from pET vectors.  
Lane 1, Pstλ DNA marker; Lane 2, insert amplified from pET28a(+); Lanes 3, 4, 5 and 6, nitrile hydratase beta 
and alpha subunits and chaperone amplified from pET20b(+). The arrow to the right of the gel indicates the 
amplified nitrile hydratase gene (~1.8 kb). 
 
The NHase gene cassette was expressed using clones contained in both the pET20b(+) and 
pET28a(+) vectors. However, only expression of the beta subunit and beta subunit homolog 
(chaperone) was noted (Figure 4.9). Increasing the induction time did not improve 
expression of the alpha subunit. The expression of the chaperone and beta subunits was not 
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Figure 4.9: Expression of nitrile hydratase beta subunit and the beta homolog using pET-
28a(+) showing increased expression of the beta subunit and chaperone protein over time. 
Cultures (LB containing kanamycin) were inoculated 1:100 with O/N growth and grown to an OD at 600 nm of 
~0.6. IPTG was added to 0.1 mM and induced at 37 °C for various times. Lanes 1, 4 and 7: Uninduced protein 
sample. Lanes 2, 5 and 8: Induced proteins after 4 hours of induction. Lanes 3, 6 and 9: Induced protein sample 
after 8 hours of induction. The 26 kDa beta subunit and 16 kDa chaperone subunit are induced (indicated by 
arrows). 
 
The pET28a(+) and pET20b(+) plasmid constructs containing the genes for the beta and alpha 
subunit, and chaperone of L-NHase showed nly overexpression of the beta subunit (26 kDa) 
and the chaperone protein (17 kDa). Since the chaperone protein was overexpressed relative 
to the beta subunit, it was clear that the ribosome binding site (RBS) for the chaperone was 
recognised by E. coli and the ribosome binding sites for each gene in the L-NHase cassette 
were investigated. The chaperone gene lies in a different frame to the beta and alpha genes, 
a naturally occurring frameshift. The RBS for the chaperone gene, however, lies in the C-
terminus of the alpha gene. As the chaperone was expressing well in the E. coli host, the RBS 
for the alpha subunit was mutated to a sequence identical to that for the chaperone in order 
to improve expression of the alpha subunit. 
 
Unfortunately the RBS-mutation did not appear to significantly enhance the expression of 
the alpha subunit (Figure 4.10), although the expression of the chaperone was reduced 
compared to the beta subunit However, measurement of cell free extract (CFE) by HPLC 
showed conversion of benzonitrile to benzamide, indicating there was some NHase activity, 
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Figure 4.10: Induced and uninduced supernatant samples of the RBS-mutated clones of 
NHase.  
Cell free extract (CFE) shows the soluble protein extracted from disrupted cells. Induced (Ind.) and uninduced 
(Unind.) samples, analysed by 12 % SDS-PAGE, are total protein samples from induced and uninduced culture 
medium, normalized for protein concentration. The question mark denotes the absence or low expression of 
alpha or beta subunit. 
 
Relative to the total protein sample, the CFE sample showed very little beta protein, but 
appeared to show presence of the alpha subunit. Sequence analysis confirmed that the 
NHase cassette was inserted correctly and in frame. It was surmised that the beta subunit is 
relatively insoluble, compared to the expression of the alpha subunit..  SDS-PAGE analysis of 
the resuspended pellet (the insoluble fraction obtained from disrupted cells) showed a large 
proportion of insoluble beta subunit (Figure 4.11). The beta subunit was therefore 
considered to be unstable, misfolding, or expressed into inclusion bodies.  Although it 
appeared that both the alpha and beta subunits were overexpressed, there was only very 
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Figure 4.11: Uninduced and induced pellet samples of the RBS-mutated clone of NHase.  
Total protein samples  were analysed by 12 % SDS-PAGE. SN refers to supernatant, and only shows the soluble 
protein extracted from disrupted cells. Pellet is insoluble matter obtained from centrifugation after cell 
disruption. Uninduced (Unind) and induced (Ind) samples are total protein samples from induced and 
uninduced culture medium, normalized for protein concentration. 
 
 
4.3.2. Cloning and expression for co-expression of NHase 
 
The cloning and expression strategy for NHase was revisited. The RBS for the alpha subunit 
was mutated to a recognized E. coli RBS, however, the alpha and beta subunits were still not 
expressed in equal ratio, likely caused by ribosome stalling during translation. A co-
expression strategy was used next to ensure that both the beta and alpha subunit expression 
was independent of each other and under the control of the expression plasmid promoter. 
 
4.3.2.1. Cloning NHase for coexpression 
The alpha subunit-chaperone sequence and beta subunit sequence were amplified 
separately from the genome of R. rhodochrous ATCC BAA-870 using PCR. The 1060 bp 
product consisting of the amplified alpha subunit and chaperon was purified and the size 
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pJet vector and verified by restriction digestion using the restriction enzyme BglII which 
releases blunt cloned inserts from the vector.  
 
 
Figure 4.12: Purified alpha-chaperone insert amplified by PCR using BAA-870 genomic DNA 
template. 
The 0.8 % agarose gel was run at 100V. The 1060 bp amplified insert is indicated by arrow. The DNA size marker 
is Pstλ-DNA. 
 
After directional cloning into the expression vector pRSFDuet-1, the correct insert was again 
verified by restriction digestion using the directional cloning restriction sites incorporated in 
the original PCR primers. The clone containing the alpha-chaperone insert was linearised to 
ensure the correct vector size was obtained when the insert is present (Figure 4.13). 
 
 
Figure 4.13: Alpha-chaperone insert verification in the expression vector pRSFDuet-1. 
The vector was cut with only NdeI (left lane) to verify the total size was consistent with vector and insert. The 
vector was cut with NdeI and PacI (right lane) releasing the 1060 bp alpha-chaperone insert. The 0.8 % agarose 
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Clones containing the correct insert were verified by sequencing and used for further protein 
expression studies. The strategy for cloning the beta subunit into pET21a(+) was followed 
exactly as for the alpha-chaperone, and verified at each step by restriction digestion (results 
not shown). 
 
4.3.2.2. Coexpression of NHase 
The 26 kDa beta subunit, and the 23 kDa alpha subunit together with the 16 kDa chaperone, 
were successfully expressed from their independent expression vectors. Trial inductions 
were done to test the separate expression of the beta, and alpha-chaperone constructs 
(Figure 4.14). 
 
Figure 4.14: Separate expression of the NHase beta and alpha subunits using different 
expression constructs. 
Beta and alpha-chaperone coexpression was induced in BL21(DE3) E. coli by addition of 0.1 mM IPTG and 
0.1 mM CoCl2 and expressed from pET21a(+)and pRSF-Duet vectors, respectively, for 4 hours at 37 °C. Lanes 1, 
3 and 5: uninduced. Lane 4: Induction of the beta subunit. Lane 6: Induction of the alpha subunit and 
chaperone protein.  
 
The pRSF-Duet construct expressing alpha-chaperone, and the pET21a(+) construct 
expressing the beta subunit, could be independently induced in separate E. coli BL21(DE3) 
cultures. The independent expression of each subunit was good from each expression 
plasmid. The plasmid constructs for beta and alpha-chaperone were transformed into 
BL21(DE3) using at first a 1:1 ratio of plasmid. Different ratios of plasmid were also 
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subunits. It was found that a ratio of 4:1 pRSFDuet-alpha chaperone: pET21a(+)-beta showed 
good coexpression of both subunits (Figure 4.15). 
 
Figure 4.15: Coexpression of the NHase beta and alpha subunits using different 
concentrations of expression vector and different induction conditions. 
Beta and alpha-chaperone coexpression was induced in BL21(DE3) E. coli by addition of 0.1 mM IPTG and 
0.01 mM CoCl2. The concentration of pET21a(+)-beta expression vector was 4X less than the concentration of 
the pRSF-Duet alpha-chaperone vector. Lanes 1, 3, 5 and 7: uninduced. Lanes 6 and 7: Induction at 37 °C for 4 
hours. Lanes 2 and 4: Induction at 25 °C for 12 hours.  
 
Reducing the temperature of expression, and increasing the expression time gave optimal 
coexpression of the alpha and beta subunits (Figure 4.16). 
 
Figure 4.16: Coexpression of the NHase beta and alpha subunits using a 4:1 pRSFDuet-
alpha chaperone:pET21a(+)-beta expression vector ratio. 
Beta and alpha-chaperone coexpression were induced in BL21(DE3) E. coli containing kanamycin and ampicillin, 
by addition of 0.1 mM CoCl2 30 minutes prior to addition of 0.1 mM IPTG. The concentration of pET21a(+)-beta 
expression vector was 4X less than the concentration of the pRSF-Duet alpha-chaperone vector. Lanes 1, 3 and 
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Induced and uninduced fractions were measured for benzonitrile conversion by HPLC (Figure 
4.17) to confirm the presence of active NHase. 
 
Figure 4.17: HPLC trace showing benzonitrile and benzamide elution over time.  
Left panel: Reaction of NHase containing fraction showing conversion of benzonitrile to benzamide (eluting at 
0.995 minutes). Right panel: benzonitrile control reaction, eluting at 1.73 minutes. Reactions were carried out 
by addition of benzamide assa solution to an aliquot of enzyme containing solution, and reacted at 37 °C for 5 
minutes with shaking (200 rpm). Reactions were stopped by addition of acidified eluent. 
 
 
4.3.3. Purification of Nitrile Hydratase 
 
4.3.3.1. Purification of NHase   
 
In following purification attempts, the stability of NHase upon purification was problematic. 
The un-coupling of subunits was common, with loss of the beta subunit a frequent 
occurrence. When pure enzyme was obtained, the protein was seen to precipitate from 
solution readily, with ‘purer’ enzyme preparations subject to more precipitation. Also, 
hydrophobic interaction chromatography was deemed a necessary purification step to 
remove ‘stubborn’ impurities from the enzyme preparation. However, purification steps 
involving ammonium sulphate (precipitation and chromatography) were particularly 
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First NHase purification trials involved a traditional apporach: ammonium sulphate 
fractionation (Figure 4.18) to remove most impurities, followed by hydrophobic interaction 
(Figure 4.19) and ion exchange chromatography. However, steps involving ammonium 
sulphate revealed instabilities in the interaction between alpha and beta, and the ratios of 
each subunit were disrupted (Figure 4.20). 
 
 
Figure 4.18: Example of ammonium sulfate precipitation fractions for purification of nitrile 
hydratase. 
Ammonium sulphate fractionation decouples the alpha and beta subunit. Lane 1: starting material containing 
NHase alpha (23 kDa), blue box, and beta (26 kDa), red box, subunits. Lanes 10 – 70: 10-70% ammonium 
sulphate precipitated fractions. 
 
Hydrophobic interaction chromatography of cell free extract showed NHase activity elution 
at 100 – 0 mM ammonium sulphate, indicating a relatively hydrophobic protein. However, 
subunit de-coupling was evident, and much protein was lost due to instability. Further 
purification steps using pooled fractions eluted by hydrophobic interaction column 
chromatography led to complete loss of NHase activity, and only the alpha subunit 
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Figure 4.19: Hydrophobic interaction chromatography of cell free extract containing 
NHase. 
Elution of protein (blue trace) was done using a 1 - 0 M ammonium sulphate gradient (red line). 
 
 
Figure 4.20: Ion exchange elution fractions containing NHase alpha and beta subunits at 
different concentrations. 
Fractions containing NHase eluted from a Q-Sepharose ion exchange column. The concentration of alpha 
subunit is noted to be more than the beta subunit. 
 
Since ammonium sulphate precipitation steps de-coupled the beta and alpha NHase 
subunits, further purifications avoided fractionation. Ion exchange chromatography of cell 
free extract containing NHase consistently eluted NHase between 320 and 375 mM NaCl, 
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Figure 4.21: Elution by ion exchange chromatography of cell free extract containing nitrile 
hydratase. 
NHase eluted at fractions 44 – 48 (corresponding to 44 – 48 minutes), at an KCl concentration of ~350 mM. 
Green and red diagonal lines represent increase and decrease in % mobile phase respectively. 
 
Ion exchange fractions containing NHase were pooled and subjected to a further round of 
ion exchange chromatography with a reduced salt gradient (Figure 4.22). 
 
Figure 4.22: Elution by ion exchange chromatography using a 100-400 mM KCl gradient of 
pooled fractions containing nitrile hydratase eluted at ~350 mM.  
Fractions 44 – 48 eluted by ion exchange chromatography at an NaCl concentration of ~350 mM, and with 
activity against benzonitrile, were pooled and concentrated, and re-applied to ion exchange column. NHase 
was eluted with a 100-400 mM NaCl gradient. Green and red diagonal lines represent increase and decrease in 
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Fractions were tested for NHase activity by reaction against benzonitrile, using the 
spectrophotometric assay to measure benzamide (See Appendix 7.4.1.1). The assay was 
developed specifically to be able to test for NHase activity qualitatively and quickly, without 
relying on SDS-PAGE analysis, and using very small volumes. Fractions containing NHase 
activity were pooled and eluted by size exclusion chromatography (Figure 4.23). Size 
exclusion fractions were measured for NHase activity against benzonitrile by absorbance 
assay (Figure 4.24), and active fractions were pooled and further purified by FPLC size 
exclusion chromatography (Figure 4.25). 
 
 
Figure 4.23: NHase elution by S200 Sephacryl size exclusion chromatography. 
NHase elution (--) was monitored by absorbance at 280 nm, as well as absorbance assay for benzamide 
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Figure 4.24: NHase activity measurement in size exclusion fractions using the absorbance 
assay for benzamide formation.  
Gel filtration fractions containing NHase were tested for benzonitrile conversion by measuring the formation of 
benzamide spectrophotometrically (diluted samples) at 252 nm. The rate of benzamide formation was 
recorded over 3 minutes from addition of fraction containing NHase. If the rate of benzamide formation was 
not linear, samples were diluted appropriately. The blue line with zero gradient is control benzonitrile, while 
the coloured lines are fractions containing NHase. 
 
 
Figure 4.25: Nitrile hydratase elution by TSK FPLC size exclusion chromatography. 
Fractions eluting from S200 size exclusion chromatography were pooled, concentrated, and a 0.5 mL aliquot 
added to a TSK4000 FPLC size exclusion chromatography column, equilibrated and run with 50 mM potassium 
phosphate buffer pH 7.4 containing 100 mM NaCl. NHase elution at 280 nm (--) was monitored by absorbance 
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4.3.4. Secondary structural prediction and molecular modelling of 
nitrile hydratase from R. rhodochrous ATCC BAA-870 
 
The predicted secondary structure of the alpha subunit of L-NHase showed the active site 
residues (“CTLCSC”, position 110) are in a flexible region of the protein. The alpha subunit 




  AA: MTAHNPVQGTLPRSNEEIAARVKAMEAILVDKGLISTDAIDHMSSVYENEVGPQLGAKIV 





  AA: ARAWVDPEFKQRLLTDATSACREMGVGGMQGEEMVVLENTGTVHNMVVCTLCSCYPWPVL 





  AA: GLPPNWYKYPAYRARAVRDPRGVLAEFGYTPDPDVEIRIWDSSAELRYWVLPQRPAGTEN 





  AA: FTEEQLADLVTRDSLIGVSVPTTPSKA 
             190       200     
 
Figure 4.26: PSIPRED prediction results for the alpha subunit of L-NHase. 
Secondary structure prediction was done using PSIPRED V2.6 by Jones et al. 2000 (Jones et al. 2000). The 
confidence of structure prediction for each amino acid (AA) is given as a score of 0 (low), highlighted in red, to 9 
(high). Secondary structure is predicted as alpha helix (H) in green, beta strand (E) in yellow, or random coil (C). 
The active site conserved residues, “CTLCSC” on the alpha subunit, are highlighted in grey. The BAA-870 active 
site Tyrosine (Tyr115) is highlighted in blue. 
 
4.3.4.1. Molecular modeling of nitrile hydratase from R. 
rhodochrous ATCC BAA-870 
The nitrile hydratase alpha subunit from BAA-870 showed highest percentage identity at the 
amino acid level (58.9%) to the alpha subunit of the B. pallidus NHase (PDB code 3HHT) (Van 
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1UGP, 2QDY and 2ZZD respectively (Arakawa et al. 2009; Miyanaga et al. 2004; Song et al. 
2007). Structural alignment with nitrile hydratase from B. pallidus showed only a 37% 
identity with the beta subunit. Based on the closest structural alignments for molecular 
modelling, the structure of the B. pallidus NHase alpha subunit, PDB code 3HHT (Van Wyk et 
al. 2009) and Co-type NHase beta subunit, PDB code 1UGP (Miyanaga et al. 2004) were used 
to generate the structural alignments. The modelled BAA-870 NHase alpha subunit 
structurally aligned with the alpha subunit from B. pallidus RAPc8 NHase revealed the alpha 
subunits are highly similar, with only a small N-terminus extension for the alpha subunit of 
NHase from BAA-870. 
 
There is also no visible or obvious difference in the positioning of the active site cysteine 
residues or the cobalt ion in BAA-870 NHase and RAPc8 NHase. Similarly, a structural 
alignment of the beta subunits showed a highly conserved structure. Structurally, the NHase 
from BAA-870 appears to be almost fully conserved (Figure 4.27). 
 
The BAA-870 NHase alpha subunit has a conserved active site Tyrosine (Tyr115) (Figure 
4.26). As observed for other Co-type NHases, the conserved active site sequence is 
‘CTLCSCY’. Three conserved residues that putatively determine the substrate specificity of 
P. thermophila NHase (Leu48, Phe51 and Trp72) are also conserved in L-NHase from R. 
rhodochrous BAA-870 (which are identical to that in J1 L-NHase). The kinetic parameters for 
similar sized substrates were found to be similar for P. thermophila and R. rhodochrous J1 




















Chapter Four: Nitrile Hydratase 
 
 
Figure 4.27: Molecular model of the predicted protein secondary structure of BAA-870 nitrile hydratase, and an alignment with its closest 
structural homologues. 
The BAA-870 NHase molecular model was generated using its closest structural homologues: the alpha subunit of Bacillus pallidus NHase (PDB code 3HHT) (Van Wyk et al. 
2009), and beta subunit of Pseudonocardia thermophila Co-type NHase (PDB code 1UGP) (Miyanaga et al. 2004). The alpha and beta subunit is depicted in orange and blue 
respectively, while only the structural alignment differences between the homologues are shown in red. Yellow and grey sticks show the active site cysteines of the alpha 
subunit. A: alpha subunit structural model of BAA-870 NHase showing the active site cysteines (circled). B:  the full length NHase structural model of BAA-870. C: The full 
length modeled NHase of BAA-870 showing the structural alignment with its closest structural homologues. Figures were generated using UCSF Chimera version 1.5.3 















Chapter Four: Nitrile Hydratase 
 
4.3.4.2. Attempted crystallography of NHase 
 
The most promising crystal hits were obtained in 0.2 M sodium acetate-trihydrate, 0.1 M 
Tris-HCl buffer, pH 8.5, containing 30% (w/v) PEG-4000 and 0.1 M Tris-HCl, pH 8.5, 
containing 8% (w/v) PEG-8000 (Table 4.4). However, in both cases, the crystals were too 
small (less than 0.5 mm) to be used for diffraction. The instability of purified NHase 
prevented availability of higher concentrations of protein for further crystal trials and 
optimisation. The NHase could be purified to ~1.8 mg/ml, but on further concentration for 
crystallography conditions, the protein precipitated. 
 
Table 4.4: Crystallization conditions used for the most promising nitrile hydratase crystal 
hits  
Condition Images 
0.2 M sodium acetate-
trihydrate, 0.1 M Tris-HCl, 
pH 8.5 containing 30% 
(w/v) PEG-4000 
 
0.1 M Tris-HCl, pH 8.5 




4.4. Discussion and conclusions 
 
4.4.1. Cloning problems; instability of the subunit ratio during 















Chapter Four: Nitrile Hydratase 
Expression studies of the L-NHase showed that the beta subunit and the L-NHase chaperone 
were overexpressed, but not the alpha subunit. The L-NHase-containing clone was 
subsequently mutated at the ribosome binding site for the alpha subunit, as it was found to 
be a particularly rare site (RBS), likely unrecognised by E. coli ribosomes. L-NHase expression 
studies were performed using E. coli Single-Step and JM109(DE3) expression cells. Induction 
of L-NHase was done using IPTG for both strains, with rhamnose additionally used to induce 
the single-step expression cells. 
 
Sequencing of the nitrile hydratase operon revealed that the gene order is the same as that 
of R. rhodochrous J1. The order of the gene cassette is beta subunit, alpha subunit, and then 
chaperone protein (the equivalent of p44k in Geobacillus pallidus). The alpha subunit of 
nitrile hydratase cloned from R. rhodochrous ATCC BAA-870 was aligned with that from R. 
rhodochrous J1, and the alpha subunits containing the active site are identical. There is less 
sequence conservation between the beta subunits, although they are still highly similar 
(97%). 
 
4.4.2. Expression of nitrile hydratase 
 
Nitrile hydratase from Geobacillus pallidus Rapc8 was used as an expression control during 
expression troubleshooting, as the expression conditions for this protein are known and 
optimised. The ribosome binding sites (RBS) of R. rhodochrous J1 and Geobacillus pallidus 
were compared. The RBS for the alpha subunit (Table 4.5) was shown to be a non-standard 
binding site for protein expression initiation, while the RBS for the beta subunit was easily 
recognizable for E. coli ribosomes. Expression of the construct in the pET system plasmids 
with directional cloning, however, means that the RBS for the beta subunit is under the 
control of the plasmid promoter, and therefore would not pose a problem for E. coli 
ribosomes. It is noted that the chaperone RBS, while theoretically recognised by E. coli 
ribosomes, may cause stalling in the translation of the protein since it is not a ‘traditional’ 
RBS. 
 
There is evidence that rhodococcal genes may not express efficiently in E. coli cells (Denome 
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Ikehata et al. 1989). There are, however, several examples of rhodococcal proteins 
expressed in E. coli host cells. These include the expression of enantioselective NHase from 
R. erythropolis AJ270 (alpha and beta subunits together with the chaperone protein, p44k), 
nitrilase from R. rhodochrous tgI-A6, the 4-gene operon of alkene monooxygenase from R. 
rhodochrous B-276 (formerly Nocardia corallina) and cytochrome P450 from R. ruber DSM 
44319. In addition, the expression of the 3-gene operon of nitrile hydratase from other 
species has been successful. The beta homolog protein in G. pallidus is also naturally not in 
the same frame as the beta and alpha subunits, and this does not cause any protein 
expression problems (Tsekoa et al. 2004). 
 
The order in which the alpha and beta subunits, and the chaperone, appear on the genome 
differs amongst organisms. In R. rhodochrous J1, as with ATCC BAA870, the beta subunit is 
transcribed before the alpha subunit, which is in turn before the chaperone protein (Figure 
4.28). The alpha and beta subunits are in the same translation frame, whereas the 
chaperone protein is in a different frame to the alpha and beta subunit. The chaperone 
protein which is transcribed with the alpha and beta subunits of nitrile hydratase bears no 
similarity to any of the heat shock protein families, but rather shares the nitrile hydratase 
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Figure 4.28: Translation overview of low molecular weight nitrile hydratase from R. 
rhodochrous J1 and BAA-870.  
The gene cassette codes for the beta and alpha subunits in the same frame (plus 3 frame), with the chaperone 
(beta homolog protein) in a different frame (plus 1 frame). The NHase beta and alpha subunits, and chaperone 
protein were sequenced using the forward and reverse primers designed for amplifying the region from 
genomic DNA of R. rhodochrous ATCC BAA-870. The forward and reverse sequences were assembled using the 
CAP3 sequence assembly programme, and the translation overview created using DNAMan (Lynnon 
Corporation, USA). 
 
The alpha and beta subunits have different ribosome binding sites, and the initiation 
sequence for chaperone translation falls within the N-terminus of the alpha subunit 
sequence. A consensus ribosome binding site sequence, or Shine-Dalgarno sequence in 
Prokaryotes, is usually followed by a spacer sequence of varying length. While the ribosome 
binding sites in R. rhodochrous are recognised sites for E. coli ribosomes, they are 
uncommon (Table 4.5). 
  
cDNA LNHase beta alpha chap
Universal code
1 1986198 397 595 794 993 1191 1390 1588 1787
Strand RF
 plus   1
 plus   2
 plus   3
 minus  1
 minus  2
 minus  3
cDNA LNHase beta alpha chap
Universal code
1 1986198 397 595 794 993 1191 1390 1588 1787
Strand RF
 plus   1
 plus   2
 plus   3
 minus  1
 minus  2
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Q  phage replicase -UAACUAAGGAUGAAAUGCAUGUCUAAG- 
 X174 phage A protein -AAUCUUGGAGGCUUUUUUAUGGUUCGU- 
R17 phage coat protein -UCAACCGGGGUUUGAAGCAUGGCUUCU- 
Ribosomal protein S12 -AAAACCAGGAGCUAUUUAAUGGCAACA- 
Ribosomal protein L10 -CUACCAGGAGCAAAGCUAAUGGCUUUA- 
trpE -CAAAAUUAGAGAAUAACAAUGCAAACA- 
trpL leader -GUAAAAAGGGUAUCGACAAUGAAAGCA- 
  
3’-end of 16S rRNA 3’ HOAUUCCUCCACUAG – 5’ 
The initiation AUG codons (brown) lie approximately 10 nucleotides downstream of their respective 
recognition sequences (blue). The Shine-Dalgarno sequences are complementary to the UCCU core sequence 
element of E. coli 16S rRNA. Adapted from The Mechanics of Protein Synthesis (Figure 32.9, page 1049). 
 
In order for translation initiation to occur, a translation initiation codon is required, in 
addition to a ribosomal binding site which includes the Shine-Dalgarno (SD) sequence. 
Translation is initiated from the translation initiation region (TIR) of the transcribed 
messenger RNA. The SD sequence is located 7 ± 2 nucleotides upstream of the initiation 
codon (AUG in most recombinant systems). Optimal translation initiation is obtained from 
mRNA with an SD sequence of UAAGGAGG. Translation initiation is largely dependent on the 
secondary structure of the RBS, and it was shown that efficiency of initiation can be 
improved by high adenine and thymine contents (Laursen et al. 2002). In particular, the 
translation initiation efficiency is influenced by the codon immediately following the 
initiation codon; in highly expressed genes it was shown that adenine content was high 
(Stenstrom et al. 2001). 
 
The binding sites for Geobacillus pallidus NHase (Table 4.6) are almost identical to many of 
the ribosome binding sites recognised by E. coli ribosomes (Table 4.5), which may explain 
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Table 4.6: Ribosome binding sites of R. rhodochrous, and the expression control organism, 
G. pallidus 
 Ribosome binding site sequence 
 Alpha subunit Beta subunit Chaperone 
G. pallidus GAAGGAGGAA GGGAGG AGGAGGAAAA 
R. rhodochrous J1 GAAACGAGCC AAGGAG AAGGCCTGAC 
 
Translation can also result in errors when genes containing rare codons are expressed, since 
it cause stalling of ribosomes at positions where amino acids coupled to minor codon tRNAs 
are incorporated (McNulty et al. 2003). This codon bias is particularly problematic when rare 
codons occur in clusters and in doublets and triplets. Rare codon bias leads to translational 
errors such as premature translational termination, frame shifting events and mistranslation 
amino acid substitutions (Kurland and Gallant 1996; Sørensen et al. 2003). Kane et al. (1992) 
reported in-frame two amino acid ‘hops’ at the disfavoured AGA codon (Kane et al. 1992). 
The most problematic codons are those decoded by products of the genes argU (AGA and 
AGG), argX (CGG), argW (CGA and CGG), ileX (AUA), glyT (GGA), leuW (CUA), proL (CCC) and 
lys (AAG). In fact, AAG is a major E. coli codon and is decoded by tRNALysUUU which has a fair 
degree of ‘wobble’ due to its structure – therefore UUU reads AAG less efficiently than most, 
and efficiency of decoding by the tRNA is particularly problematic when there are 
consecutive AAG codons (Sørensen and Mortensen 2005). Despite the strategy of site-
directed mutagenesis for eliminating codon bias, codon-optimized genes have been shown 
to lack mRNA transcription and stability in recombinant expression systems (Wu et al. 2004). 
 
The codon frequency usage of E. coli and R. rhodochrous were compared. E. coli is accepted 
as the genetic code standard, and most expression strains are E. coli cells. It was proposed 
that perhaps the codon usage in Rhodococcus differed enough with E. coli so as to cause 
expression problems by becoming rate-limiting. Stretches of four or more rare codons can 
reduce expression significantly (Robinson et al. 1994) by causing ribosome stalling, which 
can uncouple translation and transcription thereby leading to premature termination of 
translation. In common E. coli expression strains, the 3 rarest expression codons are 
specifically those coding for arginine (AGA/ AGG), isoleucine (AUA) and leucine (CUA), hence 
the development of E. coli BL21 codon plus RIL strain by Stratagene, where the copy 
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codon usage is useful in the expression of high GC content templates. However, it was found 
that the frequency codon usage for Rhodococcus was quite similar to E. coli, and the ratios of 
these particularly rare codons frequencies to the codons coding for the same amino acid, 
were almost identical in both strains. E. coli has a slight bias towards preferentially using 
codons that finish in a U/T whereas Rhodococcus seems to prefer a G/C as the last codon. 
Problematic expression of rhodococcal proteins in E. coli may be attributed to the GC-rich 
nature of the rhodococcal genome. 
 
For R. rhodochrous nitrile hydratase expression, a few expression cells were tested, including 
BL21 with a T7 promoter (OverExpress C41(DE3)pLysS) which is resistant to toxic protein 
expression. Parameters tested included temperature ranges, IPTG concentration ranges, and 
cobalt concentration ranges as well as addition at various points to optimize expression. Lack 
of protein expression was possible due to rare ribosome binding sites and/or rare codon 
usage in the Rhodococcus codon that are not recognised or commonly used by E. coli. Both 
E. coli and Rhodococcus use the bacterial translation table and supposedly have similar 
codon usage. Rare-codon usage is not usually a rate limiting problem during translation but 
if 4 or more happen to occur in a row, it can cause ribosomal pausing and subsequently 
uncouples transcription from translation. This can be solved by altering the codons to those 
used more favourably during high expression in E. coli. Without doing mutagenesis to 
change codons, it can be solved by modifying the expression codon for cloning into a 
pETBlue 2 vector and using it in RosettaBlue (DE3)pLacI competent E. coli strain for example 
(which is used for expressing codons which are otherwise rare in E. coli). Each subunit in our 
construct has its own ribosome binding site, the presence of which was confirmed by 
sequencing. 
 
4.4.2.1. Rationale and success of the two plasmid cloning system 
Nitrile hydratase coexpression cloning 
There are a number of important factors to consider when selecting a two-plasmid vector 
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The copy number of each plasmid may differ, either due to the randomness of drawn 
plasmids into replication from the cellular pool, or the size of the plasmid (larger plasmids 
will take longer to replicate, and will be at a selection disadvantage in every cell population). 
Plasmids of similar size may not necessarily guarantee constant copy numbers since the 
efficiency of initiation is not necessarily balanced in individual cells. Imbalances in plasmid 
replication rates may lead to descendants of the cell containing either plasmid but very 
rarely both in the absence of selection. A plasmid’s replicon contains the origin of replication 
and in some cases associated cis acting elements (del Solar et al. 1998). Most plasmids used 
in recombinant protein expression have a ColEi or p15A replicon. Plasmid copy number is 
controlled by the replicon, and it preferably replicates in a relaxed fashion (Baneyx 1999). 
 
To further increase the maintenance of two different plasmids in the same cell, the antibiotic 
resistance of the two plasmids should be different. Different antibiotic resistance will ensure 
that both plasmids are selected for and maintained in daughter cells. The multicopy plasmids 
are stably replicated and maintained under selective conditions, and therefore plasmid-free 
daughter cells are rare (Summers 1998). 
 
Considering all the requirements for protein co-expression, two plasmids, pRSFDuet-1 and 
pET-21a(+), were selected for directional cloning of the alpha-chaperone construct and beta 
subunit, respectively (Table 4.7). The efficiency of transcription, frequency of mRNA 
translation, and mRNA stability will determine the gene expression levels. Expression 
plasmids require a string transcriptional promoter to control high-level expression of the 
cloned gene. Basal transcription in the absence of inducer is minimized by the presence of a 
suitable repressor. 
 
The T7 promoter is a 20-nucleotide sequence not recognized by E. coli RNA polymerase, and 
it transcribes genes five times faster than E. coli RNA polymerase (Sørensen and Mortensen 
2005). Plasmid stability can be enhanced by preventing transcription through the origin of 
replication and from irrelevant promoters elsewhere in the plasmid, hence the presence of a 
transcription terminator downstream from the coding gene sequence. Transcription 
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For co-expression of multiple gene products from multiple plasmids in the same cell, 
different antibiotic resistance markers are required in addition to different plasmid 
incompatibility groups. For example, plasmids containing the ColE1 replicon and p15A 
replicon can be combined since they are compatible plasmids (Mayer 1995). The ColE1 
replicon is derived from the pBR322 family of plasmids (copy number ~15-20) or pUC family 
of plasmids (copy number ~ 500-700), while the p15A replicon is derived from pACYC184 
(copy number ~10-12). 
 
Table 4.7: Plasmid characteristics for expression of beta and alpha-chaperone in a two 
plasmid system 
Plasmid name pRSFDuet-1 pET-21a(+) 
Expression Alpha subunit and chaperone Beta subunit 
Size 3829 bp 5443 bp 
Promoter T7lac T7lac 
Replicon RSF 1030 (NTP1) pBR322, derived from ColEI 
Resistance Kanamycin Ampicillin 
Copy number >100 ~ 40 
Host strain BL21(DE3) or BL21(DE3)pLysS BL21(DE3) 
Induction IPTG IPTG 
Tag addition None C-terminus 
Sequencing primers DuetUP2 primer; T7 terminator T7 promoter; T7 terminator 
Insert size (nucleotide 
bases) 
618 and 444 
total: ~1062 
675 
Expressed protein size 206 amino acids (22.7 KDa) 
148 amino acids (16.9 KDa) 
225 amino acids (25.1 KDa) 
The copy number of the pRSTDuet-1 vector is higher than that of pET-21a(+), but will be offset by the longer 
open reading frame expression for alpha and chaperone expression as opposed to beta subunit. Higher 
expression of either protein will not lead to increased expression overall since only a 1:1 ratio of each subunit 
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Formation of inclusion bodies 
The structure of inclusion bodies and their mechanism of formation are poorly understood 
(Villaverde and Carrio 2003), and are largely assumed to be as a result of a stress response in 
the cell during high recombinant protein expression rates. It is yet to be determined whether 
inclusion bodies form as a result of unknown clustering mechanisms or due to hydrophobic 
interactions between unfolded proteins (Villaverde and Carrio 2003), but either way they 
result from an unbalance equilibrium between protein aggregation and solubilisation. The 
lowering of temperature and expression rate for example can reduce aggregation of 
expressed proteins, and so too can the co-expression of recombinant chaperones (Jonasson 
et al. 2002). Van den Berg et al. (1999) showed that macromolecular crowding in the cell 
cytoplasm (at protein concentrations of 200-300 mg/ml) could lead to unfavourable protein 
folding conditions when recombinant proteins are expressed at high rates (van den Berg et 
al. 1999).  
 
There are several advantages to co-expression of two proteins in the same cell; versus 
expression in two separate systems with post-expression reconstitution of protein partners, 
in this case the reconstitution of the alpha and beta subunits. Many examples show the 
importance of the protein interaction partner during proper in vivo protein folding, and 
indeed co-expression showed increased amounts of properly folded proteins as well as 
decreased proteolytic degradation of the complexed protein (Li et al. 1997; Stebbins et al. 
1999; Tan 2001). 
 
Crystallization classification by XtalPred 
The XtalPred sequence analysis tool (Slabinski et al. 2007) compares nine of the protein's 
biochemical and biophysical features with corresponding probability distributions obtained 
from TargetDB. A plot is automatically generated for each protein feature and reveals 
distributions of failures and successes in the learning sets extracted from TargetDB; 
interpolated empirical distributions of crystallization probability, and the positions of the 
protein in those distributions. The prediction is made by combining individual crystallization 
probabilities into a single crystallization score. Based on the score, the protein is assigned to 
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Each class represents different crystallization success rate observed in TargetDB. The server 
shows the distribution of the crystallization probability in the crystallization classes and the 
position of the protein within this distribution. 
 
Full length L-NHase from BAA-870 is classified as a difficult crystallography target (class 4) 
according to the XtalPred crystal prediction tool (Slabinski et al. 2007). Percentage coiled 
structure (50%) and instability index (relatively unstable) obtained from XtalPred are in 
agreement with results obtained from a ProtParam tool calculation (data not shown) 
(Gasteiger et al. 2005). The XtalPred classification is based on 41 protein homologs clustered 
to a 60% sequence identity and 34 homologs contained in the PDB. 
 
Purification and stability of NHase 
Bioinformatic analysis using the ProtParam tool showed that the beta subunit of NHase, by 
amino acid sequence analysis, has an apparent instability index of 43.5 (considered 
unstable), while the alpha subunit sequence is 35.8 (stable). The instability index, defined as 
the relative volume occupied by aliphatic side chains, gives a good estimation of the stability 
of the protein in vitro. A protein with an I.I. of more than 40 predicts that the protein may be 
unstable, whereas a value of less than 40 is predicted as stable. This is in agreement with the 
experimental findings, where the beta subunit was easily lost during purification steps. Also, 
the NHase is considered relatively hydrophobic, as deduced form the elution of the protein 
by hydrophobic interaction chromatography, a property which could encourage the 
precipitation of NHase upon purification and concentration. 
 
Addition of a His-tag at the C-terminus of the NHase beta subunit increased the yield of 
NHase during purification, and decreased the de-coupling of subunits, possibly by 
stabilization of the beta subunit when attached to the resin. The purification protocol 
negated the use of ammonium sulphate fractionation or precipitation which was found to 
cause precipitation of the beta subunit. The construction of separate alpha-chaperone and 
beta expression vectors has several advantages: enhanced expression of the alpha and beta 
subunits by using the vector promoters recognised by E. coli, control of the subunit 
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chaperone-alpha association to elucidate the role of the chaperone. Incorporation of cobalt 
ion into L-NHase has been found to depend on the α-subunit exchange between cobalt-free 
L-NHase and its cobalt-containing mediator (Zhou et al. 2010). The interaction of the L-
NHase chaperone with the NHase is presumed to be a novel mode of post-translational 
maturation, with the chaperone acting as a “self-subunit swapping” chaperone, but also 
perhaps a metallochaperone, as deduced by studies of the H-NHase interaction with the 
associated chaperone (Zhou et al. 2010). 
 
It should be noted that differences in the ratio of the alpha and beta subunits observed by 
SDS-PAGE did not necessarily imply that the enzyme was inactive. A mismatched density of 
the alpha and beta subunits are a common feature of NHase analysed by SDS-PAGE and has 
been found by several other groups (Cramp and Cowan 1999; Wieser et al. 1998; Yu et al. 
2006) although the subunits are very similar in size (23-26 kDa). 
 
Suggestions for improved enzyme mechanism 
Recent developments in the technologies used to improve enzymes, such as directed 
evolution techniques, have greatly influenced the use of nitrile metabolizing enzymes in 
applied biocatalysis. One such example is that of the engineered papain nitrile hydratase for 
use as a biocatalyst by Dufour and co-workers (Dufour et al. 1995). Papain, a cysteine 
protease, was successfully converted into an enzyme with nitrile hydratase activity through 
protein engineering. This was achieved by replacing Gln19 in the oxyanion hole of papain 
with a glutamic acid residue. The nitrile substrate forms a covalent thiomidate adduct with 
the active site thiol group of the enzyme. The altered Glu19 residue participates in the acid-
catalysed hydrolysis of the thiomidate to an amide by providing a proton to form a more 
reactive protonated thiomidate. The hydrolysis of nitrile substrates therefore proceeds in a 
stepwise manner. First, the nitrile is hydrolysed to the corresponding amide. Since the Q19E 
mutant protein retains most of the natural amidase activity of natural papain, the amide is 
then further hydrolysed in the second step to the corresponding carboxylic acid. This mutant 
enzyme is considered a nitrilase in overall function, since it possesses both nitrile hydratase 
and amidase activities. The mutant papain is stable, active in organic solvents and at low pH, 
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the mutant enzyme has since been used to synthesise amidrazones (that serve as 
intermediates in the synthesis of key components of biologically active molecules) with a 
more than 4000-fold increase in rate of production over the wild-type activity, and with a 
much higher level of purity (Dufour et al. 1998). 
 
The serine/threonine side chain differences in the conserved active site of NHase, 
“C(T/S)LCSC(Y/T)”, are proposed to play an important role (Payne et al. 1997) in the activity 
of the enzyme, however no mutational studies on these residues have confirmed this. In Co-
type NHase, T and Y correspond to Thr109 and Tyr114, while in Fe-type NHase, S and T 
correspond to Ser109 and Thr114. Studies of Fe substitution in a cobalt enzyme have not 
been performed. Substitution mutations of these conserved residues would give interesting 
insights into the role of these residues in Fe and Co-type NHase, as well as elucidate the role 
of the Fe and Co ions at the active site. 
 
In P. thermophila, the NHase Tyr114 residue is thought to be involved in the interaction 
with the nitrile hydratase activator protein (Miyanaga et al. 2004). Given the conserved 
active site sequence, a mutational substitution of the corresponding conserved tyrosine 
(Tyr115) in BAA-870 NHase which follows the alpha subunit active site consensus motif 
(CTLSCS) would be a good test for activator protein dependence. In other Co-type NHases, 
the active site Tyr -OH group forms an H-bond with main-chain oxygen atoms of Leu119 
and Leu121 via a water molecule, also has hydrophobic interactions with its environment. 
 
The P. thermophila NHase crystal structure in complex with the inhibitor n-butyric acid 
revealed that the hydroxyl group of another structurally relevant Tyr residue, Tyr68, forms 
hydrogen bonds with both n-butyric acid and Ser112 located in the active centre. 
Presumably, this intersubunit interaction may play a role in stability of the protein, and is 
another subject for a future mutational study. 
 
A successful strategy for improving the activity of NHase was highlighted by the increasing 
the thermostability of the NHase from G. pallidus RAPc8 (Goldschmidt et al. 2007), where 
error-prone PCR was used to generate random mutations in the sequence of the gene. 
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interactions identified which played a role in enhanced thermostability, and allowed a 
strategy for further site-directed mutagenesis of NHase to form a highly superior and 
thermostable NHase. The structure of Co-containing NHase from G. pallidus has also given 
insight into the determinants of the specificity of the enzyme (Zhou et al. 2010). The authors 
suggest that Phe55 obstructs access of larger substrates to the active site cysteine claw 
complex, allowing the hydration of only smaller aliphatic nitriles. The close structural 
similarity to the RAPc8 NHase offers some starting points for site-directed mutagenesis of 
BAA-870 NHase for increased thermostability, and possibly the introduction of mutations 
which could allow better transformations of aliphatic nitriles. 
 
A very recent study has presented a greatly improved NHase stability by introduction of 
mutations to induce salt-bridging in thermally sensitive regions; regions were identified 
through RMSF calculations of the thermophilic NHases from a Bacillus (1V29) and 
Pseudonocardia (1UGQ) strain (Chen et al. 2013). Three thermally sensitive areas were 
identified in the beta subunit. Stabilizing salt bridge interactions were transferred to the 
corresponding region of the Rhodococcus ruber TH NHase was identified as an industrially 
useful acrylamide producing biocatalyst (Ma et al. 2010), and the researchers wished to 
improve the NHase activity. Interestingly, one mutated thermally sensitive area caused an 
enhanced expression of the -subunit, but a complete loss of activity. However, one of the 
area mutations resulted in greatly enhanced tolerance of the NHase to sonication during cell 
disruption, as well as increased product tolerance and a 160% increase in thermal stability. 
This enhanced stable NHase was revealed through dynamic simulation to have created 10 
new internal and inter-subunit salt bridges. Supporting the finding herein, they concluded 
that C-terminal salt bridge modification was a powerful strategy for enhancing thermal 
stability of NHase. Addition of a C-terminal His-tag to the BAA-870 NHase allowed better 
expression and purification of the enzyme. Although the J1 and BAA-870 NHase alpha 
subunits are identical, the beta subunits differ. It is likely that the source of the relatively 
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4.5. Conclusions 
 
A summary of the methods employed to isolate, purify and structurally characterize the 
BAA-870 NHase is presented in Table 4.8. The nitrile hydratase (NHase) gene from 
R. rhodochrous was amplified from the genome of the organism using primers containing the 
cloning restriction sites NdeI and HindIII. The gene amplified contains the beta subunit, alpha 
subunit and chaperone, as confirmed by DNA sequencing. The NHase from BAA-870 is a low-
molecular mass, Co-containing NHase. The PCR product was ligated into the pET28a(+) 
expression vector. Expression studies of the L-NHase showed that the beta subunit and the 
L-NHase chaperone were overexpressed, but not the alpha subunit.  
 
The L-NHase-containing clone was additionally mutated at the ribosome binding site for the 
alpha subunit, as it was found to be a particularly rare site (RBS), likely unrecognised by E. 
coli ribosomes. The mutation was created using the Phusion mutagenesis kit, and the 
desired point mutation was obtained and verified by DNA sequencing. The mutagenesis 
reaction, however, incorporated undesired mutations at the start codon of the gene insert. 
The mutated insert was amplified using the riginal cloning primers containing the NdeI and 
HindIII cloning sites, and re-ligated into pJET1.2 for cloning and screening of the correct 
clones, before the correct insert was re-cloned into the expression vector (pET28a). 
Induction of L-NHase was done using cobalt chloride and IPTG for both strains, with 
rhamnose additionally used to induce the single-step expression cells. 
 
To have further control over the expression of stable NHase, a two construct expression 
system was employed. The pET21a(+) construct expressing the NHase beta subunit with a C-
terminal His-tag could be independently induced in E. coli BL21(DE3) from the pRSF-Duet 
construct expressing NHase alpha-chaperone. The pRSFDuet construct containing the NHase 
alpha chaperone and the pET21a(+) construct containing NHase beta subunit could be 
optimally co-induced by transforming the expression strain with a plasmid ratio of 4:1 
respectively. Addition of a His-tag at the C-terminus of the NHase beta subunit increased the 
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allowed for easier purification by use of nickel column chromatography (and subsequent 
avoidance of destabilizing hydrophobic interaction chromatography). 
 
Interestingly, the BAA-870 NHase could be modelled using two different NHase structures; 
the closest structural homologues being the B. pallidus Rapc8 NHase alpha subunit (Van Wyk 
et al. 2009) and P. thermophila NHase beta subunit (Miyanaga et al. 2001). Also, despite the 
intensive research done on NHase, there is still no rhodococcal cobalt-type NHase crystal 
structure determined. It was confirmed in this study that the enzyme is a difficult 
crystallography target, and indeed even crystallization prediction programs have suggested 
that the protein is an unlikely crystallization target. The protein instability index suggests the 
protein (especially the beta subunit) is inherently unstable and indeed this was noted in the 
difficulties encountered during purification steps. Many groups reported that NHase was less 
active as an isolated enzyme than when applied as a whole cell biocatalyst, lending support 
to the lack of reports on pure Rhodococcus cobalt-containing NHase as a whole. Clearly, the 
NHase requires some ‘help’ in the form of directed protein engineering if it is to be applied 
as a successful biocatalyst. 
 
Despite conservation of the NHase active site sequence in the alpha subunit, the most 
significant sequence similarity exists between the beta subunits of both ferric and cobalt 
NHases, and also between the high and low molecular weight NHase beta subunits. Cramp 
et al. also found that the Bacillus pallidus Dac521 NHase beta shares significant sequence 
similarity with the beta subunit of several other NHases, but no significant similarity of the 
alpha subunit was found (Cramp and Cowan 1999). H-NHase is reported to be more stable 
than L-NHase, with the biggest different in sequence between the two lying in the beta 
subunits; the additional beta subunit sequence insertions appear to be responsible for the 
better stability of H-NHase overall. The beta subunit therefore appears to be critical in 















Chapter Four: Nitrile Hydratase 
Table 4.8. Summary of methods applied to isolate, purify and structurally characterize BAA-870 nitrile hydratase 
 
 




Wildtype L-NHase from fermentation Cloned L-NHase : amplified by PCR from the genome Using L-NHase sequence from 
the genome 
Method Chapter 4.2.6  

















construct in pET21 





Two plasmid construct. Beta subunit 
cloned into pET21a(+) and alpha-
chaperone cloned into pRSFDuet-1 
Chapter 4.2.9 
 
Homology models built using 
MODELLER and secondary 
structural predictions from 
PSIPRED and the 
mGenThreader fold recognition 
tool. 
Details Combinations and/or different orders 
of the above purification methods were 
used. 
Sequence as amplified 
from the genome. 
His-tag at N-terminus 
of beta. 
Sequence amplified 
from the genome, with 
mutated RBS for the 
alpha subunit.  
His-tag at N-terminus of 
beta 
Beta sequence and alpha-chaperone 
sequence amplified separately from 
the genome. Beta subunit under 
control of a plasmid promoter; alpha-
chaperone under control of a plasmid 
promoter. 
His-tag at C-terminus of beta. No His-
tag for the alpha chaperone construct 
Insight into probable His-tag 
positioning problems 
Problems Stability problem, increasing 
precipitation with increased purity and 
concentration. 
Crystal trials gave micro crystals – 
problems to optimize due to poor 
protein concentration 
Poor expression of 
alpha. Full protein 
was not expressed in 





Individual expression of beta and alpha 
on separate plasmids 
 
Successes Assay developed for spectral 
measurement of benzamide 
Crystal hit leads but with limited 
protein quantity for optimization 
Expression of beta 
and chaperone 
Some activity of NHase Expression of both subunits 
individually and simultaneously in co-
transformed E. coli 
Functional protein obtained with 
activity against benzonitrile and 3-
cyanopyridine 
Structural similarity to B. 
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Comparative analysis has suggested that NHase has a poor chance of crystallizing (this 
study), and is also a relatively unstable protein, cited in several reports as having low thermal 
stability and noted in the reduced activity on application outside of the whole cell and 
increased stability on immobilization (Chen et al. 2013; Chiyanzu et al. 2010; Kopf et al. 
1996; Liu et al. 2008; Nagasawa et al. 1986; Prasad and Bhalla 2010; Tucker et al. 2012). The 
BAA-870 NHase precipitated readily at high concentrations, and was easily subjected to 
subunit disruption in the presence of ammonium sulphate. However, the structural 
modelling has suggested that overall the BAA-870 NHase structure is conserved. The enzyme 
is therefore a strong candidate for mutation to enhance thermal stability. The successful 
random mutagenesis strategy (Van Wyk, 2009, not published) or directed C-terminal salt 
bridge modification strategy (Chen et al. 2013) employed by other researchers to enhance 
stability of NHase is highly recommended as future work. 
 
Despite intensive research done on NHases with biocatalytic potential, the molecular details 
of the catalytic activity of NHases are not known comprehensively, and a Rhodococcus 
cobalt-containing NHase crystal structure is still lacking. Of the solved NHase crystal 
structures, none contains a substrate. 
 
Industrial plants that currently utilize NHase for biocatalysis offer encouragement for the 
successful large-scale application green chemistry (as exampled by acrylamide production by 
Mitsubishi Rayon Company in Japan, SNF Floerger in France and Lonza Guangzhou Fine 
Chemicals in China). There is still a vacant but key role existing for an aromatic and 
stereoselective NHase in industry. The NHase  from BAA-870 has extremely promising 
biocatalytic potential for the synthesis of peptidomimetic and pharmaceutical compounds 
given the activity found in previous research on the enzyme (Brady et al. 2006b; Chhiba et al. 
2012; Kinfe et al. 2008; Kinfe et al. 2009). BAA-870 NHase is an ideal candidate for rational 
design to improve its stability and performance as an applied, pure biocatalyst. The current 
research presents, in addition to the NHase sequence information, various plasmid 
constructs for the induction and expression of the enzyme, as well as several starting points 
for further characterization (crystal lead hits, an easy absorbance assay for aromatic nitrile 
conversion and purification strategies), and has made possible better access to a promising 











































Chapter Five: Conclusions 
5.1. Overall Summary 
 
5.1.1. Nitrile biocatalysis and a valuable biotechnological genome 
 
 
Nitriles are important and versatile intermediates used in the organic synthesis of amines, 
amides, amidines, esters, carboxylic acids, aldehydes, ketones and heterocyclic compounds. 
Nitriles are particularly important sources (as precursors) of carboxyamides and carboxylic 
acids via hydrolysis. Biologically, we have the advantage of having two distinct enzyme 
systems, a nitrilase which converts nitriles directly to the carboxylic acid, and nitrile 
hydratase which provides the intermediate amide. By virtue of their ability to degrade a 
wide variety of nitrile compounds, nitrile-converting organisms have found extensive uses in 
the biotechnology industry, and applications of their activity have afforded useful industrial 
processes for large scale production of chemicals, drug intermediates and enantioselective 
targets. 
 
A Rhodococcus organism was isolated from soil and tested for nitrile biocatalysis. The 
organism could convert several aromatic and aliphatic nitrile substrates, including 
benzonitrile, chlorobenzonitrile and naproxen nitrile, and also displayed fair activity towards 
phenylglycinonitrile, 1,2-cyanonitrile, 3-hydroxy-3-phenylpropionitrile and benzylnitrile. The 
organism showed excellent capacity to enantioselectively hydrolyze racemic compounds, as 
outlined by the biocatalytic resolution of -hydroxy nitriles and synthesis of -amino nitriles 
for example. The BAA-870 genome is rich with potential synthetic targets and biocatalytic 
tools. The sequencing of the genome of BAA-870 has expanded the inventory of putative 
protein sequences and enabled a ‘reverse-genetics’ approach to biocatalyst discovery, 
wherein prior knowledge of the gene itself expedites the screening process. Using 
bioinformatics methods, it was possible to identify classes of genes which can be cloned, 
expressed, purified and evaluated for their activity. 
 
Rhodococcus rhodochrous ATCC BAA-870, identified as a promising candidate for 
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enzymes, was subsequently studied further to evaluate its potential synthetic applications. 
The genome was sequenced in order to use the genome as a resource for gene fishing and 
specific gene identification. The optimal assembly and annotation of the BAA-870 genome 
was explored. The genome content, and specifically the nitrile converting genes, were 
summarized with respect to the protein complement and genome organization, and 
compared to other rhodococcal genomes. The information extracted from the genome of 
BAA-870, including potential targets of interest for future biotechnology applications are 
identified, and an outline of the benefits of having the genome sequence of R. rhodochrous 
ATCC BAA-870 were presented herein.  
 
Solexa sequencing output data gave a total of 5,643,967 reads, 36-bp in length (4,273,289 
unique sequences). The sequence coverage of the BAA-870 genome was 74%, with an 
apparent raw coverage depth of 27X, given a total genome size of 5.8 Mbp. The assembled 
genome sequence of R. rhodochrous ATCC BAA-870 was submitted to the Bacterial 
Annotation System web server, BASys, for automated, in-depth annotation of the 
chromosomal sequence. BAA-870 contains 6997 predicted protein-coding sequences (CDS). 
Of this, 0.9% encodes proteins of unknown function, and includes 318 conserved 
hypothetical proteins and 604 hypothetical proteins. Additionally, 49 proteins belong to 
known protein families, but their function is unknown. The average GC% of the coding 
sequence of BAA-870 is 67.46%. The complete biosynthetic pathways for all nucleotides, 
nucleosides and natural amino acids are also contained in the genome of BAA-870. Out of a 
total of 6874 genes annotated using BASys, 1342 genes were assigned an EC number. 
 
The BAA-870 genome contains 501 oxidoreductases (37% of the enzymes). EC 1, 
oxidoreductases, make up the major enzyme class (37%), followed by EC 2 transferases 
(25%), and EC 3 hydrolases (17%). EC 4 and 6, lyases and ligases, both contribute 9% of the 
enzyme classes, while the EC 5 isomerases are the least at 3% of the total. The 
oxidoreductases and transferases together make up 62% of the enzyme class fraction. BAA-
870 has 59 annotated oxygenases, but the EC classification suggests there are at least 114 
oxygenases present within the genome. BAA-870 has one annotated monooxygenase but 46 
annotated dioxygenases (59 oxygenases in total). It is unclear which oxygenases in BAA-870 
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consistent with BAA-870’s ability to degrade an exceptional range of aromatic compounds. 
There are at least 35 and 23 various esterases and lipases in the genome of BAA-870, 
enzymes with immense applications in industry. Rhodococcal genomes are important 
models for studying actinomycete physiology and can facilitate the exploitation of these 
industrially important microorganisms. A number of potential genes which could be used for 
further biocatalysis have also been identified in the genome of R. rhodochrous ATCC BAA-
870, including epoxide hydrolases, enantioselective enzymes with a  range of chemistries, 
Baeyer-Villiger enzymes, shikimate pathway enzymes, and enzymes which may be useful in 
biofuel production, drug design targets and kinetic resolutions. The generally large and 
complex genomes of Rhodococcus afford a wide range of genes attributed to extensive 
secondary metabolic pathways which are presumably responsible for the array of 
biotransformations and bioremediations demonstrated. These secondary metabolic 
pathways have yet to be characterised, and offer numerous targets for drug design as well as 
synthetic chemistry applications.  
 
The locations and numbers of nitrile converting enzymes in the available genomes of 
Rhodococcus were identified. BAA-870 was isolated on a nitrile as the sole source of nitrogen 
(Brady et al. 2004b) and was determined to have nitrile hydrolysis capabilities. However, the 
genes responsible for the conversions were not known until the genome was sequenced. 
Now, it is evident that there is one nitrilase and one nitrile hydratase, numerous amidases 
(mostly of the nitrilase superfamily), and a number of associated regulator elements. 
 
The genome sequence of R. rhodochrous ATCC BAA-870 is the first rhodochrous subtype to 
be sequenced and added Genbank. It will be the seventh rhodococcal genome to be 
submitted to the NCBI, but the fifth subtype addition. The sequence of the R. rhodochrous 
ATCC BAA-870 genome will facilitate the further exploitation of Rhodococci for industrial 
uses and provide numerous sources for new biotechnology projects and applications, as well 
as enable further characterisation of a model biotechnologically relevant organism. The 
genome sequence data has been deposited to GenBank (Registration date 26 November 
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5.1.2. Nitrilase and nitrile hydratase from Rhodococcus rhodochrous 
ATCC BAA-870 
 
Nitrilase enzymes catalyse the direct hydrolysis of aliphatic and aromatic nitriles into the 
corresponding carboxylic acid and ammonia. Applications of nitrilases have advanced in 
recent years due to ongoing studies detailing their structural and catalytic properties. 
Industrial nitrilases are used in several biotransformations, including the manufacture of 
biologically active enantiomers such as (R)-mandelic acid, (S)-phenyllactic acid, and (R)-3-
hydroxy-4-cyano-butyric acid, a key intermediate in the synthesis of Lipitor (the blockbuster 
drug by Pfizer Inc.). Nitrilases are also used in the production of several other high-value 
compounds, including pyrazinoic acid, nicotinic acid, optically active amino acids and 
ibuprofen. Several nitrilases are applied by DuPont, Lonza, BASF and Mitsubishi Rayon. 
 
All members of the superfamily with significant nitrilase activity form helical oligomers. The 
nitrilase gene from BAA-870 was amplified and directionally cloned into a pET28a(+) 
expression vector. The nitrilase gene consists of 1107 nucleotides, and equates to a 41 kDa 
translated protein. Nitrilase from BAA-870 was successfully over-induced using a standard 
IPTG induction in E. coli BL21 cells. The nitrilase proteins from R. rhodochrous BAA-870, tg1-
A6 and J1 share a 98.6% identity. Few major differences are observed, and amino acid 
changes are mostly conserved. It is likely that the BAA-870 nitrilase also undergoes autolysis 
before polymerization into fibres as suggested by Thuku et al. Purified nitrilase is active 
against the aromatic nitriles benzonitrile and 3-cyanopyridine. Microscopy of recombinant 
expressed nitrilase from R. rhodochrous ATCC BAA-870 revealed that the protein forms ‘c’-
shaped oligomers in the pre-fibre form, and that the ‘c’-shaped oligomer consists of 8 
nitrilase subunits arranged in a left-handed helix, as deduced by docking of the model into 
an 8-mer volume from the reconstructed nitrilase structure of the nitrilase from 
Rhodococcus rhodochrous J1. When left for an extended time, the octamers assemble into 
long fibres, as observed with the nitrilase from J1, to form complexes of more than 600 kDa. 
The purification of the homogeneous pre-fibre form of nitrilase offers the possibility of 
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The L-NHase gene, encoding a non-corrin cobalt containing metalloenzyme, was also 
isolated from the genome of BAA-870. Induction and expression systems for NHase were 
optimized. The gene encoding the full L-NHase cassette (beta and alpha subunits and 
chaperone) were successfully amplified from the genome, and cloned into various cloning 
and expression vectors. The total size of the NHase gene cassette is 1.8 kb. The NHase gene 
cassette was expressed using clones contained in both the pET20b(+) and pET28a(+) vectors. 
However, only expression of the beta subunit and beta subunit homolog (chaperone) was 
noted. 
 
The ribosome binding sites for each gene in the L-NHase cassette were investigated to 
improve the expression of the problematic, GC-rich Rhodococcus gene targets in E. coli. The 
new RBS-mutated clone did not appear to influence the expression of the alpha subunit. The 
expression of the chaperone was reduced compared to the beta subunit. Also, stability of 
NHase upon purification was problematic. The un-coupling of subunits was common, with 
loss of the beta subunit a frequent occurrence. When pure enzyme was obtained, the 
protein was seen to precipitate from solution readily. The beta subunit is relatively insoluble, 
and the alpha subunit is expressed extra-cellularly. It was not clear if the beta subunit was 
degrading or being collected in exclusion bodies. The beta subunit is considered to be 
unstable, and was misfolding, or expressed into inclusion bodies during expression. The 
cloning and expression strategy for NHase was revisited and a two plasmid co-expression 
strategy was used to ensure that both the beta and alpha subunit expression was 
independent of each other and under the control of the expression plasmid promoter. The 
alpha subunit-chaperone sequence and beta subunit sequence were amplified separately 
from the genome of R. rhodochrous ATCC BAA-870 using PCR. The 1060 bp product 
consisting of the amplified alpha subunit and chaperone and the 675 bp beta subunit gene 
product were cloned into two separate cloning vectors for independent expression. 
 
The 26 kDa beta subunit, and the 23 kDa alpha subunit together with the 16 kDa chaperone, 
were successfully expressed from their independent expression vectors. It was found that a 
ratio of 4:1 pRSFDuet-alpha chaperone: pET21a(+)-beta showed good coexpression of both 
subunits. The pRSF-Duet construct expressing alpha-chaperone, and the pET21a(+) construct 
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cultures. Addition of a His-tag at the C-terminus of the NHase beta subunit increased the 
yield of NHase during purification, and decreased the de-coupling of subunits, possibly by 
stabilization of the beta subunit when attached to the resin. The purification protocol 
negated the need for ammonium sulphate fractionation, which was found to cause 
precipitation of the beta subunit. 
 
The modelling of NHase gave insights into the positioning of the His-tag, with a suggested 
instability as a consequence of His tag addition to the C-terminus of the beta subunit of 
NHase. The C-terminus is somewhat near the internal structure, whereas modelling shows 
the N-terminus is a flexible stretch of protein. The purification of NHase was re-designed to 
ensure beta subunit binding to the Ni resin during affinity purification by the flexible N-
terminus – it was theorized that the chaperone protein could perform its function with 
either subunit, and the protein could be assembled into the native form with beta bound to 
the column resin.  
 
Structural alignment with nitrile hydratase from B. pallidus showed only a 37% identity with 
the beta subunit. Based on the closest structural alignments for molecular modeling, the 
structure of the B. pallidus NHase alpha subunit, PDB code 3HHT (Van Wyk et al. 2009) and 
Co-type NHase beta subunit, PDB code 1UGP (Miyanaga et al. 2004) were used to generate 
the structural alignments. The modeled BAA-870 NHase alpha subunit was structurally 
aligned with the alpha subunit from B. pallidus RAPc8 NHase. Structurally, the alpha subunits 
are highly similar, with only a small extension of the N-terminus visible for the alpha subunit 
of NHase from BAA-870. There is no visible or obvious difference in the positioning of the 
active site cysteine residues or the cobalt ion. Similarly, a structural alignment of the beta 
subunits showed a highly conserved structure. The closest structural homologues of BAA-
870 NHase are the B. pallidus Rapc8 NHase alpha subunit (Van Wyk et al. 2009) and P. 
thermophila Co-type NHase beta subunit (Miyanaga et al. 2001). Structurally, the NHase 
from BAA-870 appears to be fully conserved. The close structural similarity to the B. pallidus 
RAPc8 NHase, in addition to recent error-prone PCR experiments which increased 
thermostability of the RAPc8 NHase, offer some starting points for site-directed mutagenesis 
of BAA-870 NHase for increased thermostability, and possibly the introduction of mutations 
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The BAA-870 nitrilase was found to be similar, but not identical to, the J1 nitrilase. Like the 
J1 nitrilase, it is likely that BAA-870 nitrilase also undergoes a C-terminal truncation via 
autolysis. This study presents a full 3D reconstruction of the Rhodococcus rhodochrous BAA-
870 nitrilase c-shaped oligomer, whereas in the case of the Rhodococcus rhodochrous J1 
nitrilase structure only 2-D averages of two different projections have been reported (Thuku 
et al. 2007). The BAA-870 nitrilase pre-fibre form was found to consist of 9-10 subunits (~5 
dimers) forming a 1-start, left-handed, c-shaped oligomer. The nitrilase further matures over 






In 2004 the organism BAA-870 was earmarked as a potentially useful nitrile biocatalyst; 
However, initial results suggested it contained at least two different nitrile hydrolyzing 
enzyme systems consisting of nitrilase and nitrile hydratase/amidase (Brady et al. 2004b; 
Chhiba et al. 2012; Kinfe et al. 2009). It was not known if there were multiple isoenzymes or 
what the copy number was. The assembled and annotated BAA-870 genome has now 
provided the blueprint for nitrile metabolizing potential, as well as several other biocatalytic 
targets of interest. For the nitrilase and nitrile hydratase to be of specific use as biocatalysts, 
it was preferable to remove the enzymes from contaminating influences and downstream 
enzymatic interference common in whole cell systems. Two nitrile-converting enzymes, a 
nitrilase and nitrile hydratase, were identified in the genome and successfully amplified from 
the genome, and cloned into expressions vectors for their convenient expression. The 
enzymes can now be independently expressed and purified for further characterization 
studies. This allows the facilitation of further structural and mechanistic studies, and permits 
future modification of the enzymes at the genetic level. Table 5.1 summarises the 
intellectual property generated and contributions made during this thesis. 
 
In conclusion, this study has presented the first genome sequence of the biotechnologically 
relevant organism, Rhodococcus rhodochrous ATCC BAA-870.  In addition to offering more 
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important protein targets. The nitrilase and nitrile hydratase expression systems facilitate 
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Table 5.1: Summary of intellectual property generated during the course of this thesis 
The Genome Sequence of Rhodococcus rhodochrous ATCC BAA-870 
 The genome of BAA-870 was sequenced and raw output data was assembled by a novel pipeline of programs. 
Sequence statistics, sequence assemblies and gene annotations were explored and optimised. 
Several biocatalytic gene targets have been identified on the genome. 
Specifically, the locations and numbers of nitrile converting enzymes in the genome of BAA-870 were identified. 
The genome sequence data has been deposited in GenBank (Registration date 26 November 2011; accession number PRJNA78009; ID 78009 in 
BioProject). This is the first rhodochrous subtype to be sequenced and added to Genbank. It is the seventh rhodococcal genome to be submitted 
to the NCBI. 
Plasmid constructs made 
 The nitrilase gene (1107 bp) in pET28a(+): for standard IPTG induction in E. coli BL21(DE3) cells. 
The full length NHase gene cassette (1.8kb) encoding the L-NHase cassette (beta and alpha subunits and chaperone) in pET20b(+) and pET28a(+): 
NHase in pET20b(+) for expression in E. coli BL21(DE3) containing ampicillin, and induced in the presence of 0.1 mM CoCl2 and 0.1 mM IPTG, and 
NHase in pET28a(+) for expression in E. coli BL21(DE3) containing kanamycin, and induced in the presence of 0.1 mM CoCl2 and 0.1 mM IPTG. 
NHase in pRSFDuet-1 and pET21a(+): The NHase alpha subunit and chaperone (1060 bp) and the beta (675 bp) subunit genes were cloned into 
two separate cloning vectors for independent expression. NHase beta subunit, restricted with NdeI and XhoI, was ligated into pET21a(+). The 
NHase alpha-chaperone, restricted with NdeI and PacI, was ligated into pRSFDuet-1 
Continuous spectrophotometric assay for nitrile hydratase activity 
 Methods Section 4.2.7. A method for monitoring benzamide production from benzonitrile was adapted, optimized and the volume miniaturized 
for high throughput formats (96-well plate). The production of nicotinamide from 3-cyanopyridine from was also measured using this novel 
spectrophotometric assay. 
Working expression systems 
 The pET28(+) construct containing nitrilase was induced using L-rhamnose in single step cells. 
The pET28(+) construct containing nitrilase was induced using IPTG in E. coli BL21(DE3). 
The pET21a(+) construct expressing the NHase beta subunit with C-terminal His-tag  was independently induced in E. coli BL21(DE3) 
The pRSF-Duet construct expressing NHase alpha-chaperone, was independently induced in E. coli BL21(DE3). 
The pRSFDuet construct containing the NHase alpha chaperone and the pET21a(+) construct containing NHase beta subunit was co-expressed 
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 Incorporation of an N-terminal His-tag in the pET28(+) construct containing nitrilase allows for an easy two-step chromatographic purification 
protocol: by nickel column and size exclusion chromatography. 
Nitrilase sequence and EM structure 
 BAA-870 nitrilase was found to have a 98 % identity with that from R. rhodochrous J1 by mass spectroscopic analysis of wild-type purified nitrilase 
and by sequence analysis of the cloned nitrilase. 
Nitrilase was expressed in the native organism as a 600 kDa complex which matured over time to form long fibres, the outer diameter of which 
was found to be 120 Å on average. 
The BAA-870 nitrilase pre-fibre form was found to be a left-handed, c-shaped particle. Final 3D reconstruction showed that there are 9-10 
subunits (~5 dimers) forming the 1-start, left-handed, c-shaped oligomer, suggesting that the c-shaped nitrilase could form either an octamer or a 
decamer. The particle outer diameter was measured to be ~11.4 nm and the resolution of the final negative stain density was determined at FSC0.5 
to be 16 Å. 
A lead condition for possible nitrilase crystallization of the pre-fibre form was found: 10% w/v PEG 6000, 100 mM bicine, pH 9. 
Nitrile hydratase model 
 NHase from BAA-870 is a low-molecular mass, Co-containing NHase. The closest structural homologues of BAA-870 NHase are the B. pallidus 
Rapc8 NHase alpha subunit (Van Wyk et al. 2009) and P. thermophila Co-type NHase beta subunit (Miyanaga et al. 2001). Structurally, the NHase 
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7.1. Chapter 1 
7.1.1. Recent patent searches for Rhodococcus related biotechnology 
 
A search for “Rhodococcus biotechnology” in Google patent search reveals about 740 
results, while a search for “Rhodococcus rhodochrous biotechnology” produces about 240 
relevant results (personal search, June 2011). Including “nitrilase” or “nitrile hydratase” in 
the “Rhodococcus rhodochrous biotechnology” search term produces 98 and 115 results, 
respectively. Sorting the results by date of patent filing and applicatio  shows that most 
patents involving nitrile hydratase and nitrile from R. rhodochrous were filed between 2006 
and 2009, with only one patent filed in 2010 for nitrile hydratase. 
 
 
7.2. Chapter 2 
7.2.1. Genome sequencing projects involving South African research 
groups 
Some South African genome projects (not including any human genome sequencing) are 















Table 7.1. To the best of our knowledge, the sequencing of the full genome of R. 
rhodochrous ATCC BAA-870 is the first microbial genome sequencing project undertaken in 
















Table 7.1: Genome sequencing projects involving South African research groups 
Genome sequence Date sequenced Relevance Responsible Group 
Pantoea ananatis  
- Proteobacterium 
- 4.7 Mb 
- 4349 genes 
Sequenced: 
May 2007 
The first plant 
pathogen genome 




Virulent strain; causal agent 
of bacterial blight and die-
back of young eucalypts in 
South Africa. It also causes a 
stalk disease of local maize, 
and a variety of other 
symptoms on onions, melons, 
pineapple, rice and sudan 
grass in other parts of the 
world. Also reported to cause 
infections in humans.  
Prof. Teresa Coutinho, 
Department of 
Microbiology and Plant 
Pathology, 
Forestry and Agricultural 
Biotechnology Institute 
(FABI), University of 
Pretoria and the Scottish 
Crops Research Institute, 
UK 








To be published: 
early 2012 
Important commercial crop 
that could be used as a 
biofuel 
Prof. Zander Myburg, 
Department of Genetics, 
Forestry and Agricultural 
Biotechnology Institute, 
University of Pretoria. 
Collaboration with 130 
researchers in 18 nations, 
including the US 
Department of Energy's 
Joint Genome Institute 
Mycobacterium 
tuberculosis KZN 605 
and KZN R506 
Actinobacteria 
~4.4 Mbp each 







(currently a draft 
sequence) 
Extensively-drug resistant 
tuberculosis ; highly virulent 
strain endemic to the 
KwaZulu-Natal region of 
South Africa 
KwaZulu-Natal Research 
Institute for Tuberculosis 
and HIV, Nelson R. Mandela 
School of Medicine, 
University of KwaZulu-Natal 




virus 1 (HIV-1) subtype 
D strain 
8916 bp RNA 
 
December 2007 The second full-length non-
syncytium-inducing (NSI) 
subtype D strain described; In 
South Africa, HIV-1 subtype B 
and D viruses were 
responsible for the initial 
epidemic during the 1980s 
Department of Medical 
Virology, National health 
Laboratory Service (NHLS) 





7.2.2. Cost motivation 
 
In attempting the cloning of nitrile hydratase and amidase from R. rhodochrous ATCC BAA-
870, the option of sequencing the genome as an alternative for ad hoc gene cloning 















decreasing, and by 2009, was beginning to outweigh the cost of designing and ordering of 
cloning primers, and sequencing of PCR and cloned products. Improvements in short read 
sequence (SRS) technology has made sequencing considerably cheaper. Four years ago, we 
were quoted ~ R 390 000 (~47 500 USD) to sequence an estimated 5.5 Mbp genome using 
Sanger sequencing. The total cost of sequencing the genome during 2010 has amounted to 
R16 000 (~1 900 USD), including additional mate-paired sequencing to fill in unknown 
genome sequence gaps. The cost of cloning these genes without prior knowledge of their 
exact sequences has far outweighed the benefits of obtaining them as functional expressing 
proteins experimentally. Instead, directed cloning of other enzyme targets and streamlining 
of the process to obtain these target proteins would be possible. 
 
7.2.3.  SRS assembly: Using the Edena programme to assemble short 
sequence reads 
 
Edena processes the assembly of millions of short reads generated by the Illumina Genome 
Analyzer, and is based on a traditional overlap layout assembly framework (Pop et al. 2002). 
There are four major steps in the programme: 
 
1. Removal of redundant reads so that the dataset size is more manageable 
2. Overlap detection and overlap graph construction 
3. Graph cleaning: simplification and ambiguity resolution 
4. Contig production. 
 
Edena separates the overlapping and the assembling operations into two distinct running 
modes. In the overlap step, all exact overlaps between any pair of reads are computed and 
structured in a graph. The reads are indexed in a prefix array and overlaps are revealed by 
dichotomic search in the arrays. In the layout step, the graph is analysed to remove 
transitive and spurious edges. Contigs that can be assembled following unambiguous path in 
the graph are given as output. Edena allows the production of contigs of several kbp with a 
near full coverage of the bacterial genome being sequenced. The overlapping mode is 















case of a FASTQ file, the quality information is not used by Edena. The overlapping mode 
calculates all the overlaps displaying a minimum length of 20 by default. It builds a 
transitively reduced overlap graph and saves the result in a binary file suffixed with ".ovl". 
 
The assembling mode is invoked by providing the program with a .ovl file (-e option). This 
mode performs the assembly and outputs three files. The one suffixed with ".fasta" contains 
the contigs, the one suffixed with ".cov" provides the depth coverage of each base in the 
contigs, and finally the one suffixed with ".info" provides a summary of the parameters that 
were used and some information regarding the assembly run. 
 
Parameters that can be changed when using Edena to assemble contigs are: 
- Contig minimum output size 
- Overlap length and minimum overlap size 
- Sensitivity vs. specificity trade-off 
o Small value: Higher frequency of chance overlaps → causes path branching in 
graph (sensitivity favoured) 
o Large value: Creates more dead-end (DE) paths, i.e. reads not extended by 
overlapping reads on one side (specificity favoured). 
 
If Contig Production is run in strict mode, Edena starts generating contig sequences. In non-
strict mode, one more cleaning step is performed. Longer overlaps more reliable than 
shorter ones. Non-strict mode tends to produce longer contigs at the expense of additional 
misassemblies. 
 
The assembly of reads using Edena was compared in strict and non-strict mode while 
changing the minimum overlap size (contig minimum output size (100 bp) and overlap length 
(M) were kept constant). In ‘non-strict’ mode, an additional cleaning up step is implemented, 
based on the fact that longer overlaps are more reliable than shorter overlaps. Non-strict 
mode allows for bigger overlap of bp’s, generating fewer contigs but at the expense of 
misassemblies. In strict assembly mode, the minimum contig overlap size (m) is 22. The 
minimum overlap length is 20 bp by default, while the programme default for minimum 















number of nodes (the number of reads in the non-redundant set) and edges (the number of 
overlaps) were calculated (Table 7.2). With the minimum overlap length at 20bp, the data 
obtained in overlap mode is the same regardless of the minimum overlap length (Table 7.3). 
 
Table 7.2: Overall assembly statistics for reads from R. rhodochrous BAA-870 using the 
s_8_sequence.ovl overlay file in overlay mode 
Fasta entries 5651222 bp 
Sequence discarded 7255 bp 
Sequence ok 5643967 bp 
Unique sequence 4273289 bp 
Reads length 36 bp 
No. of nodes 4273289 
No. of edges 4167859 
Minimum overlap size 20 bp 
 
The second phase of the programme, assembly mode, generates contig size and number 
data, as well as the N50 value which describes the assembly quality (the N50 contig size is 
the value X such that at least half of the genome is contained in contigs of size X or larger). 
 
Table 7.3: Comparison of assembly results obtained using Edena in strict and non-strict 
mode using a 22-bp minimum contig size 
 Strict Mode Non-strict Mode 
No. of contigs 4740 3238 
Total no. of bases 5743018 5741376 
No. of reads assembled 72.4 % 73.3 % 
N50 2425 (2.43 kbp) 3485 (3.49 kbp) 
Mean contig size (bp) 1211.0 1773.0 
Maximum size (bp) 30378 43601 
Minimum size (bp) 100 100 
 
An assembly comparison of strict mode and minimum contig size is given in Table 7.4, while 















Table 7.4: Comparison of assembly results obtained using Edena in strict mode changing 
the minimum contig size (m) 
 Minimum contig size 
 20 21 22 23 24 26 28 30 
         
No. of 
contigs 
6780 5063 4740 5118 6014 9230 13909 16710 
Total no. 
of bases 




71.9 % 72.3 % 72.4 % 72.3 % 71.9 % 70.2 % 65.7 % 53.4 % 




861 1142 1211 1114 939 590 358 228 
Maximum 
size (bp) 
12001 14423 30378 20604 20604 18389 9304 5996 
Minimum 
size (bp) 
100 100 100 100 100 100 100 100 
Overlay file s_8_sequence.ovl was generated in overlay mode, and used for data generation in assembly mode. 
 
In strict mode, the minimum contig size that gave the highest N50 (2425) and percentage 
coverage (72.4 %), and the lowest number of contigs (4740), was 22 bp. The allowed 
minimum contig size was tested to compare the minimum number of base pairs that gave 
the optimum in non-strict mode. 
 
In the case where the minimum overlap size in the overlap phase was changed to 16 bp, we 
now have the ideal data for the sequences with a minimum contig size of 19 for assembly 
(Table 7.6). The smallest number of contigs obtained in this scenario was 2082, with an N50 
















Table 7.5: Comparison of assembly results obtained using Edena in non-strict mode 
changing the minimum contig size (m) 
 Minimum contig size 
 18 20 21 22 23 
No. of 
contigs 
2206 2206 2637 3238 4083 
Total no. of 
bases 
5787574 5787574 5766569 5741376 5706510 
No. of reads 
assembled 
73.6 % 73.6 % 73.5 % 73.3 % 73.0 % 
N50 5230 5230 4241 3485 2693 
Mean contig 
size (bp) 
2623 2623 2186 1773 1397 
Maximum 
size (bp) 
60890 60890 56988 43601 27876 
Minimum 
size (bp) 
100 100 100 100 100 
(Overlay file s_8_sequence_unstrict.ovl was generated and applied to assembly mode while changing m) 
 
Table 7.6: Comparison of assembly results obtained using Edena in non-strict mode 
changing the minimum contig size (m) with minimum overlap size in overlap mode (M) 
constant at 16 bp 
 Minimum contig size 
 16 18 19 20 
No. of contigs 9416 2554 2082 2206 
Total no. of 
bases 
6000123 5837819 5808397 5787574 
No. of reads 
assembled 
73.4 % 73.8 % 73.7 % 73.6 % 
N50 951 4368 5540 5230 
Mean contig 
size (bp) 
637 2285 2789 2623 
Maximum size 
(bp) 
6340 18505 30554 60890 
Minimum size 
(bp) 
100 100 100 100 



















7.2.1. The nucleotide composition of the R. rhodochrous genome 
 
Various graphical statistics show the sliding nucleotide composition of the BAA-870 genome 
as a function of GC and AT content (Figure 7.1), as well as the direct and reverse strand 
composition as a fraction of the genome (Figure 7.2 and Figure 7.3). 
 
Figure 7.1: Sliding nucleotide composition for R. rhodochrous ATCC BAA-870. 
 
 
Figure 7.2: Direct strand nucleotide composition for R. rhodochrous ATCC BAA-870. 
 
















7.2.2. Periplasmic and secreted protein fate in the R. rhodochrous 
genome 
 
The periplasm contains proteins distinct from those in the cytoplasm and have various 
functions in cellular processes, including transport, degradation, and motility. The 
percentage and fate of periplasmic proteins in BAA-870 are shown in Figure 7.4 and Figure 
7.5 respectively. Periplasmic proteins would mostly include hydrolytic enzymes such as 
protease and nucleases, proteins involved in binding of ion, vitamin and sugar molecules, 
and those involved in chemotaxic responses. Detoxifying proteins such as penicillin binding 
proteins are presumed to be located mostly in the periplasm. 
 
 
Figure 7.4: Periplasm protein percentage in R. rhodochrous ATCC BAA-870. 
















Figure 7.5: The fate of secreted proteins in R. rhodochrous ATCC BAA-870. 
















7.3. Cloning and expression vectors 
 




Figure 7.7: Directional cloning vector map, pRSFDuet-1.  

















Figure 7.8: Directional cloning vector map, pET-21a(+).  
The restriction sites NdeI and XhoI in the multiple cloning site of the vector were used for the cloning of the 
beta subunit of nitrile hydratase. 
 
 















7.4. Chapters 3 and 4 
7.4.1.1. Spectrophotometric assay for benzamide formation 
 
Figure 7.10. Developing the spectrophotometric assay for NHase. 
Concentrations of benzonitrile and benzamide were altered in the same sample to find an optimal wavelength 
to distinguish the two compounds. The absorbance at 252 nm was chosen as the wavelength at which to 
measure benzamide formation. Standard curves were constructed by measuring increasing concentrations of 
benzamide and benzonitrile at 252 nm to ensure that absorbance of each remained linear with concentration. 
 
Figure 7.11: Example of NHase activity measurement in Q Sepharose ion exchange 
fractions using the absorbance assay for benzamide formation.  
Fractions containing NHase, eluting between 100 and 400 mM KCl, were tested for benzonitrile conversion by 
measuring the formation of benzamide spectrophotometrically (diluted samples) at 252 nm. The rate of 
benzamide formation was recorded over 5 minutes from addition of fraction containing NHase. If the rate of 





















Figure 7.12: BioRad protein concentration standard curve. 
 

















Figure 7.14: Selectivity curve for PWXL 4000G FPLC size exclusion chromatography column. 
 
 
Figure 7.15: Standard curve for S200 size exclusion chromatography column. 
 
